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To whom it may concern 




Sic ait, et dicto citius tumida aequora placat 
collectasque fugat nubes solemque REDUCIT. 

Publius Vergilius Maro, Aeneis, I, 142-3 



All springs REDUCE their currents to mine eyes. 

William Shakespeare, The Tragedy of King Richard the Third, II, 2, 68-70. 
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PREFACE 



Thirty years after my book Reduction and Oxidation was first published in 
Czech (1953) I am presenting this volume as an entirely new reference work. 

Myriads of reductions reported in the literature have been surveyed in 
countless review articles and a respectable row of monographs, most of which 
are listed in the bibliography at the end of this book. With the exception of 
two volumes on reduction in Houben-Weyl’s Methoden der Organischen 
Chemie, the majority of the monographs deal mainly with catalytic hydrogen- 
ation, reductions with hydrides and reductions with metals. 

This book encompasses indiscriminately all the types of reductions and 
superimposes them over a matrix of types of compounds to be reduced. The 
manner of arrangement of the compounds is a somewhat modified Beilstein 
system and is explained in the introduction. Numerous tables summarize 
reducing agents and correlate them with the starting compounds and products 
of the reductions. Reaction conditions and yields of reductions are mentioned 
briefly in the text and demonstrated in 175 examples of reductions of simple 
types of compounds and in 50 experimental procedures. 

The material for the book has been collected from original papers (till the 
end of 1982) after screening Organic Syntheses, Theilheimer’s Synthetic 
Methods, Harrison and Harrison’s Compendium of Synthetic Methods, Fieser 
and Fieser ’s Reagents for Organic Synthesis, and my own records of more or 
less systematic scanning of main organic chemistry journals. The book is far 
from being exhaustive but it represents a critical selection of methods which, 
in my view and according to my experience, give the best results based on 
yields. In including a reaction preference was given to simple rather than 
complicated compounds, to most completely described reaction conditions, 
to methodical studies rather than isolated examples, to synthetically rather 
than mechanistically oriented papers, and to generally accessible rather than 
rare journals. Patent literature was essentially omitted. Consequently many 
excellent chemical contributions could not be included, for which I apologize 
to their authors. Unfortunately this was the only way in which to turn in not 
an encyclopedia but rather a ‘Pocket Dictionary of Reductions’. 

In preparing the book I enjoyed the assistance and cooperation of many 
people whose work I would like to acknowledge. The students in my graduate 
courses in synthetic organic chemistry helped me in the literature search of 
some specific reactions. Thanks for that are due R. D. Allen, R. D. Boyer, 
D. M. Davis, S. C. Dillender, R. L. Eagan, C. C. Johnson, M. E. Krafft, N. F. 
Magri, K. J. Natalie, T. A. Perfetti, J. T. Roy, M. A. Schwalke, P. M. Sormani, 
J. Subrahmanyam, J.W. Wong and especially A. Mikailoff and D.W. 
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Preface 



McCourt. I would like to thank Ms Tammy L. Henderson for secretarial help 
and (together with the word-processor of Virginia Polytechnic Institute and 
State University) for typing of the manuscript, and Ms Melba Amos for the 
superb drawings of 175 schemes and equations. To my colleague Dr H. M. 
Bell I owe thanks for reading some of the procedures, and to my son Dr Tomas 
Hudlicky I am grateful for reading my manuscript and for his critical remarks. 
My special gratitude is due to my wife Alena for her patience in ‘holding the 
fort’ while I was spending evenings and weekends immersed in work, for her 
efficient help in proofreading and indexing, and for her releasing me from my 
commitment never to write another book. 

Finally, I would like to express my appreciation of the excellent editorial 
and graphic work involved in the publishing of my book. For them, my 
thanks are extended to Ellis Horwood and his publishing team. 

March 16, 1983 Milos Hudlicky 

Blacksburg, Virginia 




INTRODUCTION 



In the development of reductions in organic chemistry zinc, iron and hydrogen 
sulfide are among the oldest reducing agents, having been used since the 
forties of the last century. Two discoveries mark the most important mile- 
stones: catalytic hydrogenation (1897) and reduction with metal hydrides 
(1947). Each accounts for about one fourth of all reductions, the remaining 
half of the reductions being due to electroreductions and reductions with 
metals, metal salts and inorganic as well as organic compounds. 

The astronomical number of reductions of organic compounds described 
in the literature makes an exhaustive survey impossible The most complete 
treatment is published in Volumes 4/lc and 4/1 d of the Houben-Weyl com- 
pendium Methoden der Organischen Chemie, Other monographs dealing 
mainly with sections of this topic are listed in the bibliography (p.257). 

Most of the reviews on reductions deal with a particular method such as 
catalytic hydrogenation, or with particular reducing agents such as complex 
hydrides, metals, etc. This book gives a kind of a cross-section. Reductions 
are discussed according to what bond or functional group is reduced by 
different reagents. Special attention is paid to selective reductions which are 
suitable for the reduction of one particular type of bond or function without 
affecting another present in the same molecule. Where appropriate, stereo- 
chemistry of the reactions is mentioned. 

Types of compounds are arranged according to the following system: 
hydrocarbons and basic heterocycles; hydroxy compounds and their ethers; 
mercapto compounds, sulfides, disulfides, sulfoxides and sulfones, sulfenic, 
sulfinic and sulfonic acids and their derivatives; amines, hydroxylamines, 
hydrazines, hydrazo and azo compounds; carbonyl compounds and their 
functional derivatives; carboxylic acids and their functional derivatives; and 
organome tallies. In each chapter, halogen, nitroso, nitro, diazo and azido 
compounds follow the parent compounds as their substitution derivatives. 
More detail is indicated in the table of contents. In polyfunctional derivatives 
reduction of a particular function is mentioned in the place of the highest 
functionality. Reduction of acrylic acid, for example, is described in the 
chapter on acids rather than functionalized ethylene, and reduction of ethyl 
acetoacetate is discussed in the chapter on esters rather than in the chapter on 
ketones. 

Systematic description of reductions of bonds and functions is preceded by 
discussion of methods, mechanisms, stereochemistry and scopes of reducing 
agents. Correlation tables (p. 177) show what reagents are suitable for con- 
version of individual types of compound to their reduction products. More 
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detailed reaction conditions are indicated in schemes and equations, and 
selected laboratory procedures demonstrate the main reduction techniques 

(p.201). 




CATEGORIES OF REDUCTION 



CATALYTIC HYDROGENATION 

The first catalytic hydrogenation recorded in the literature is reduction of 
acetylene and of ethylene to ethane in the presence of platinum black (von 
Wilde, 1874) [7]. However, the true widespread use of catalytic hydrogenation 
did not start until 1897 when Sabatier and his coworkers developed the 
reaction between hydrogen and organic compounds to a universal reduction 
method (Nobel prize 1912) [2]. In the original work hydrogen and vapors of 
organic compounds were passed at 100-300° over copper or nickel catalysts. 
This method of carrying out the hydrogenation has now been almost com- 
pletely abandoned, and the only instance of hydrogenation still carried out 
by passing hydrogen through a solution of a compound to be reduced is 
Rosenmund reduction (p. 144). 

After having proceeded through several stages of development catalytic 
hydrogenation is now carried out essentially in two ways: low-temperature 
low-pressure hydrogenation in glass apparatus at temperatures up to about 
100° and pressures of 1-4 atm, and high pressure processes at temperatures of 
20-400° and pressures of a few to a few hundred (350) atm. (The first high- 
pressure catalytic hydrogenations were carried out over iron and nickel oxide 
by Ipatieff [i].) An apparatus for the low-pressure hydrogenation usually 
consists of a glass flask attached to a liquid-filled graduated container con- 
nected to a source of hydrogen and to a reservoir filled with a liquid (water, 
mercury) (Fig, 1). The progress of the hydrogenation is followed by measuring 
the volume of hydrogen used in the reaction {Procedure 7, p. 201). 

A special self-contained glass apparatus was designed for catalytic hydro- 
genation using hydrogen evolved by decomposition of sodium borohydride 
(Fig. 2). It consists of two Erlenmeyer flasks connected in tandem. Hydrogen 
generated in the first flask by decomposition of an aqueous solution of sodium 
borohydride with acid is introduced into the second flask containing a soluble 
salt of a catalyst and a compound to be reduced in ethanolic solution. 
Hydrogen first reduces the salt to the elemental metal which catalyzes the 
hydrogenation. The hydrogenation can also be accomplished in situ in just 
one (the first) Erlenmeyer flask which, in this case, contains ethanolic solution 
of the catalytic salt to which an ethanolic solution of sodium borohydride is 
added followed by concentrated hydrochloric or acetic acid and the reactant 
[4] {Procedure 2, p. 202). 

High-pressure hydrogenation requires rather sophisticated (and expensive) 
hydrogenation autoclaves which withstand pressures up to about 350 atm 
and which can be heated and rocked to insure mixing (Fig. 3). For medium- 
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Fig. 3 Apparatus for high pressure hydrogenation. A, autoclave; B, hydrogen inlet 
valve; C, pressure release valve; D, pressure gauge; E, heating mantle; F rocking 
device. 

pressure small-scale hydrogenations (and in the laboratories the really high- 
pressure hydrogenations are fairly rare nowadays) a simple apparatus may 
be assembled from stainless steel cylinders (available in sizes of 30 ml, 75 ml 
and 500 ml) attached to a hydrogen tank and a pressure gauge by means of 
copper or stainless steel tubing and swage-lock valves and unions (Fig. 4). 



D 




Fig. 4 Apparatus for hydrogenation at medium pressure. 





4 Categories of Reduction 

Stirring is provided by magnetic stirring bars, and heating by means of oil 
baths. Such apparatus can withstand pressures up to about 125 atm. The 
progress of the reaction is controlled by measuring the decrease in the pressure 
of hydrogen {Procedure i, p. 203). 

Mechanism and Stereochemistry of Catalytic Hydrogenation 

With a negligible number of exceptions such as reduction of organolithium 
compounds [5] elemental hydrogen does not react with organic compounds 
at temperatures below about 480''. The reaction between gaseous hydrogen 
and an organic compound takes place only at the surface of a catalyst which 
adsorbs both the hydrogen and the organic molecule and thus facilitates their 
contact. Even under these circumstances the reaction has an activation energy 
of some 6.5 - 16 kcal/mol, as has been measured for all nine transition elements 
of Group VIII for the reaction between hydrogen and propene [6]. For this 
particular reaction the catalytic activities of the nine metals decrease in the 
sequence shown and do not exactly match the activation energies (in kcal/ 
mol). 



[ 6 ] Rh > Ir > Ru > Pt > Pd > Ni > Fe > Co > Os 

13.0 15.0 6.5 16.0 11.0 13.0 10.0 8.1 7.4 

Although all of the above elements catalyze hydrogenation, only platinum, 
palladium, rhodium, ruthenium and nickel are currently used. In addition 
some other elements and compounds were found useful for catalytic hydro- 
genation: copper (to a very limited extent), oxides of copper and zinc com- 
bined with chromium oxide, rhenium heptoxide, heptasulfide and heptaselen- 
ide, and sulfides of cobalt, molybdenum and tungsten. 

It is believed that at the surface of a catalyst the organic compounds react 
with individual atoms of hydrogen which become attached successively 
through a half-hydrogenated intermediate [7]. Because the attachment takes 
place at a definite time interval reactions such as hydrogen-hydrogen (or 
hydrogen-deuterium) exchange, cis-trans isomerism and even allylic bond 
shift occur. Nevertheless the time interval between the attachment of the two 
hydrogen atoms must be extremely short since catalytic hydrogenation is 
often stereospecific and usually gives predominantly cis products (where 
feasible) resulting from the approach of hydrogen from the less hindered side 
of the molecule. However, different and sometimes even contradictory results 
were obtained over different catalysts and under different conditions [8, 9, 10, 
11, 72] (p, 50). 

Catalytic hydrogenation is subject to steric effects to the degree that it is 
faster with less crowded molecules. The rate of hydrogenation of alkenes 
decreases with increasing branching at the double bond, and so do the heats 
of hydrogenation [75]. Electronic effects do not affect catalytic hydrogenation 
too strongly, although they may play some role: hydrogenation of styrene is 
about three times as fast as that of 1 -hexene [14\. 
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im CH2=CHC3H7 


CH2=CC2H5 


CH3C=CHCH3 


CH3C=CCH- 


Relative 


CH5 


CH3 


CH3 CH3 


rate 1.00 


0.62 


0.06 


0.02 


Kcal/mol 30.1 


28.5 


26.9 


26.6 



Catalytic hydrogenation giving optically active compounds was accom- 
plished over palladium on poly(j?-S-aspartate) and on poly(y-S-glutamate) 
[15] and over rhodium on phosphine-containing substrates [16, 17, 18, 19, 20]. 
Optical yields up to 93% were reported [16]. 

More general statements about catalytic hydrogenation are difficult to 
make since the results are affected by many factors such as the catalyst, its 
supports, its activators or inhibitors, solvents [21], pH of the medium [21] 
(Auwers-Skita rule: acidic medium favors cis products; neutral or alkaline 
medium favors trans products [22]) and to a certain extent temperature and 
pressure [8]. 



Catalysts 

Many catalysts, certainly those most widely used such as platinum, palladium, 
rhodium, ruthenium, nickel, Raney nickel, and catalysts for homogeneous 
hydrogenation such as tris(triphenylphosphine)rhodium chloride are now 
commercially available. Procedures for the preparation of catalysts are there- 
fore described in detail only in the cases of the less common ones (p. 205). 
Guidelines for use and dosage of catalysts are given in Table 1 . 



PLATINUM 

The original forms of platinum referred to in older literature (colloidal plati- 
num or platinum sponge) are not used any more. Instead, catalysts of more 
reproducible activities gained ground. Platinum oxide (Pt02) (Adams' cata- 
lyst) [23, 24] made by fusing chloroplatinic acid and sodium nitrate is con- 
sidered among the most powerful catalysts. It is a brown, stable, non-pyro- 
phoric powder which, in the process of hydrogenation, is first converted to 
black, very active platinum. Each molecule of this catalyst requires two 
molecules of hydrogen, and this amount must be subtracted from the final 
volume of hydrogen used in exact hydrogenations. In most hydrogenations 
the difference is minute since the amount of platinum oxide necessary for 
hydrogenation is very small (1-3%). Platinum oxide is suitable for almost all 
hydrogenations. It is subject to activation by some metal salts, especially 
stannous chloride and ferric chloride [25] (p. 98), and to deactivation by sulfur 
and other catalytic poisons [26] (p. 144). It withstands strong organic and 
mineral acids and is therefore suited for hydrogenation of aromatic rings and 
heterocycles. 

Another form of very active elemental platinum is obtained by reduction 
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Table 1 Recommended reaction conditions for catalytic hydrogenation of selected types of 

compounds 



Starting 

compound 


Product 


Catalyst 


Catalyst/compound 
ratio in weight 
per cent 


Tempera- 
ture CO 


Pressure 

(atm) 


Alkene 


Alkane 


5%Pd(C) 


5-10% 


25 


1-3 






PtO^ 


0.5-3% 


25 


1-3 






Raney Ni 


30-200% 


25 


1 








10% 


25 


50 


Alkyne 


Alkene 


0.3%Pd(CaCO3) 


8% 


25 


1 






5%Pd(BaS04) 


2% + 2% quinoline 


20 


1 






Lindlar catalyst 


10% -1-4% quinoline 


25 


1 




Alkane 


PtO^ 


3% 


25 


1 






Raney Ni 


20% 


25 


1-4 


Carbocyclic 


Hydro- 


Pt02 


6-20%, AcOH 


25 


1-3 


aromatic 


aromatic 


5%Rh(Al,0,) 


40-60% 


25 


1-3 






Raney Ni 


10% 


75-100 


70-100 


Heterocyclic Hydro- 


PtOz 


4-7%, AcOH or 


25 


1-4 


aromatic 


aromatic 




HCl/MeOH 






(pyridines) 


5%Rh(C) 


20%, HCl/MeOH 










Raney Ni 


2% 


65-200 


130 


Aldehyde, 


Alcohol 


PtO^ 


2-4% 


25 


1 


ketone 




5%Pd(C) 


3-5% 


25 


1-4 






Raney Ni 


30-100% 


25 


1 


Halide 


Hydro- 


5% Pd (C) or 


1-15%, KOH 


25 


1 




carbon 


5%Pd(BaS04) 


30-100%, KOH 


25 


1 






Raney Ni 


10-20%, KOH 


25 


1 


Nitro 


Amine 


PtO^ 


1-5% 


25 


1 


compound, 


Pd(C) 


4-8% 


25 


1 


azide 




Raney Ni 


10-80% 


25 


1-3 


Oxime, 


Amine 


Pt02 


1-10%, AcOH or 


25 


1-3 


nitrile 






HCl/MeOH 










5%Pd(C) 


5-15%, AcOH 


25 


1-3 






Raney Ni 


3-30% 


25 


35-70 



of chloroplatinic acid by sodium borohydride in ethanolic solution. Such 
platinum hydrogenated 1-octene 50% faster than did platinum oxide [27], 

In order to increase the contact of a catalyst with hydrogen and the 
compounds to be hydrogenated platinum (or other metals) is (are) precipi- 
tated on materials having large surface areas such as activated charcoal, silica 
gel, alumina, calcium carbonate, barium sulfate and others. Such ‘supported 
catalysts'" are prepared by hydrogenation of solutions of the metal salts, e.g. 
chloroplatinic acid, in aqueous suspensions of activated charcoal or other 
solid substrates [28], Supported catalysts which usually contain 5, 10 or 30 
weight percent of platinum are very active, and frequently pyrophoric. 

The support exerts a certain elfect on the hydrogenation, especially its rate 
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but sometimes even its selectivity. It is therefore advisable to use the same 
type of catalyst when duplicating experiments. 

The platinum catalysts are universally used for hydrogenation of almost 
any type of compound at room temperature and atmospheric or slightly 
elevated pressures (1-4 atm). They are usually not used for hydrogenolysis of 
benzyl-type residues, and are completely ineffective in reductions of acids or 
esters to alcohols. At elevated pressures (70-2 10 atm) platinum oxide converts 
aromatics to perhydroaromatics at room temperature very rapidly [8]. 



PALLADIUM 

Palladium catalysts resemble closely the platinum catalysts. Palladium oxide 
(PdO) is prepared from palladium chloride and sodium nitrate by fusion at 
575-600° [29, 30]. Elemental palladium is obtained by reduction of palladium 
chloride with sodium borohydride [27, 31]. Supported palladium catalysts are 
prepared with the contents of 5% or 10% of palladium on charcoal, calcium 
carbonate and barium sulfate [32]. Sometimes a special support can increase 
the selectivity of palladium. Palladium on strontium carbonate (2%) was 
successfully used for reduction of just y, <5-double bond in a system of a, /?, y, 
^-unsaturated ketone [ii]. 

Palladium catalysts are more often modified for special selectivities than 
platinum catalysts. Palladium prepared by reduction of palladium chloride 
with sodium borohydride {Procedure 4, p. 205) is suitable for the reduction of 
unsaturated aldehydes to saturated aldehydes [i7]. Palladium on barium 
sulfate deactivated with sulfur compounds, most frequently the so-called 
quinoline-5 obtained by boiling quinoline with sulfur [34], is suitable for the 
Rosenmund reduction [35] (p. 144). Palladium on calcium carbonate deacti- 
vated by lead acetate {Lindlar*s catalyst) is used for partial hydrogenation of 
acetylenes to cw-alkenes [36] (p. 44). 

Palladium catalysts can be used in strongly acidic media and in basic media, 
and are especially suited for hydrogenolyses such as cleavage of benzyl-type 
bonds (p. 151). They do not reduce carboxylic groups. 



RHODIUM, RUTHENIUM AND RHENIUM 

A very active elemental rhodium is obtained by reduction of rhodium chloride 
with sodium borohydride [27]. Supported rhodium catalysts, usually 5% on 
carbon or alumina, are especially suited for hydrogenation of aromatic sys- 
tems [37]. A mixture of rhodium oxide and platinum oxide was also used for 
this purpose and proved better than platinum oxide alone [38, 39]. Un- 
saturated halides containing vinylic halogens are reduced at the double bond 
without hydrogenolysis of the halogen [40]. 

Use of ruthenium catalysts [41] and rhenium heptoxide [42] is rare. Their 
specialty is reduction of free carboxylic acids to alcohols. 
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NICKEL 

Nickel catalysts are universal and are widely used not only in the laboratory 
but also in the industry. The supported form ^ nickel on kieselguhr or infu- 
sorial earth - is prepared by precipitation of nickel carbonate from a solution 
of nickel nitrate by sodium carbonate in the presence of infusorial earth and 
by reduction of the precipitate with hydrogen at 450'" after drying at 110- 
1 20"". Such catalysts work at temperature of 100-200'" and pressures of hydro- 
gen of 100-250 atm [43], 

Nickel catalysts of very high activity are obtained by the Raney process. An 
alloy containing 50% of nickel and 50% of aluminium is heated with 25-50% 
aqueous sodium hydroxide at 50-100'". Aluminum is dissolved and leaves 
nickel in the form of very fine particles. It is then washed with large amounts 
of distilled water and finally with ethanol. Depending on the temperature of 
dissolution, on the content of aluminum, and on the method of washing, 
Raney nickel of varied activity can be produced. It is categorized by the 
symbols WUW8 {44\. The most active is Raney nickel W6 which contains 
10-1 1% of aluminum, has been washed under hydrogen and has been stored 
under ethanol in a refrigerator. Its activity in hydrogenation is comparable to 
that of the noble metals and may decrease with time. Some hydrogenations 
can be carried out at room temperature and atmospheric pressure [45]. 
Many Raney nickel preparations are pyrophoric in the dry state. Some, like 
Raney nickel W6, may react extremely violently, especially when dioxane 
is used as a solvent, the temperature is higher than about 125°, and large 
quantities of the catalyst are used. If the ratio of the Raney nickel to the 
compound to be hydrogenated does not exceed 5% the hydrogenation at 
temperatures above 100° is considered safe [45]. It is to be kept in mind that 
the temperature in the autoclave may rise considerably because of heat of 
hydrogenation. 

Raney nickel can be used for reduction of practically any functions. Many 
hydrogenations can be carried out at room temperature and atmospheric or 
slightly elevated pressure (1-3 atm) [45] {Procedure 5, p. 205). At high tem- 
peratures and pressures even the difficultly reducible acids and esters are 
reduced to alcohols [44] (p. 154). Raney nickel is not poisoned by sulfur and 
is used for desulfurization of sulfur-containing compounds [46] (p. 86) 
{Procedure 6, p. 205). Its disadvantages are difficulty in calculating dosage - 
it is usually measured as a suspension rather than weighed - and ferromag- 
netic properties which preclude the use of magnetic stirring. 

Nickel of activity comparable to Raney nickel is obtained by reduction of 
nickel salts, e.g. nickel acetate, with 2 mol of sodium borohydride in an 
aqueous solution and by washing the precipitate with ethanol [7i, 47] {Pro- 
cedure 7, p. 205). Such preparations are designated P-J or P-2 and can be 
conveniently prepared in situ in a special apparatus [4] {Procedure 2, p. 202). 
They contain a high percentage of nickel boride, are non-magnetic and non- 
pyrophoric and can be used for hydrogenations at room temperature and 
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atmospheric pressure. Nickel P-2 is especially suitable for semihydrogenation 
of acetylenes to cw-alkenes [47\ (p. 43, 44). 

Nickel precipitated from aqueous solutions of nickel chloride by aluminum 
or zinc dust is referred to as Urushibara catalyst and resembles Raney nickel 
in its activity [48]. 

Another highly active non-pyrophoric nickel catalyst is prepared by reduc- 
tion of nickel acetate in tetrahydrofuran by sodium hydride at 45“ in the 
presence of /er/-amyl alcohol (which acts as an activator). Such catalysts, 
referred to as Nic catalysts, compare with P nickel boride and are suitable for 
hydrogenations at room temperature and atmospheric pressure, and for 
partial reduction of acetylenes to cw-alkenes [49]. 

The Raney nickel process applied to alloys of aluminum with other metals 
produces Raney iron, Raney cobalt, Raney copper and Raney zinc, respectively. 
These catalysts are used very rarely and for special purposes only. 

OTHER CATALYSTS 

Catalysts suitable specifically for reduction of carbon-oxygen bonds are 
based on oxides of copper, zinc and chromium {Adkins' catalysts). The so- 
called copper chromite (which is not necessarily a stoichiometric compound) 
is prepared by thermal decomposition of ammonium chromate and copper 
nitrate [50]. Its activity and stability is improved if barium nitrate is added 
before the thermal decomposition [57]. Similarly prepared zinc chromite is 
suitable for reductions of unsaturated acids and esters to unsaturated alcohols 
[52]. These catalysts are used specifically for reduction of carbonyl- and 
carboxyl-containing compounds to alcohols. Aldehydes and ketones are re- 
duced at 150-200“ and 100- 150 atm, whereas esters and acids require tem- 
peratures up to 300“ and pressures up to 350 atm. Because such conditions 
require special equipment and because all reductions achievable with copper 
chromite catalysts can be accomplished by hydrides and complex hydrides 
the use of Adkins catalyst in the laboratory is very limited. 

The same is true of rhenium catalysts: rhenium heptoxide [42], rhenium 
heptasulfide [53] and rhenium heptaselenide [54] all require temperatures of 
100-300“ and pressures of 100-300 atm. Rhenium heptasulfide is not sensitive 
to sulfur, and is more active than molybdenum and cobalt sulfides in hydro- 
genating oxygen-containing functions [53, 55]. 

All the catalysts described so far are used in heterogeneous catalytic hydro- 
genations, In the past twenty years homogeneous hydrogenation has been 
developed, which is catalyzed by compounds soluble in organic solvents. Of 
a host of complexes of noble metals tris{triphenylphosphine)rhodium chloride 
is now used most frequently and is commercially available [56, 57, 5<^] {Pro- 
cedure 8, p. 206), Homogeneous catalytic hydrogenation is often carried out 
at room temperature and atmospheric pressure and hardly ever at tempera- 
tures exceeding 100° and pressures higher than 100 atm. It is less effective and 
more selective than the heterogeneous hydrogenation and is therefore more 
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suitable for selective reductions of polyfunctional compounds, for example 
for conversion of a,/S-unsaturated aldehydes to satiuated aldehydes [58] {Fro^ 
cedure 8, p. 206), It also causes less rearrangements and isotope exchange and 
is therefore convenient for deuteration. Because it is possible to prepare chiral 
catalysts homogeneous hydrogenation is useful for asymmetric reductions 
[20]. The disadvantages of homogeneous hydrogenation are lower availability 
of homogeneous catalysts and more complicated isolation of products. 



Activators and Deactivators of Catalysts 

Efficiency of catalysts is affected by the presence of some compounds. Even 
small amounts of alien admixtures, especially with noble metal catalysts, can 
increase or decrease the rate of hydrogenation and, in some cases, even inhibit 
the hydrogenation completely. Moreover some compounds can even influ- 
ence the selectivity of a catalyst. 

Minute quantities of zinc acetate or ferrous sulfate enhance hydrogenation 
of the carbonyl group in unsaturated aldehydes and cause preferential hydro- 
genation to unsaturated alcohols [59]. As little as 0.2% of palladium present 
in a platinum-on-carbon catalyst deactivates platinum for hydrogenolysis of 
benzyl groups and halogens [28]. Admixtures of stannous chloride (7% of the 
weight of platinum dioxide) increased the rate of hydrogenation of valeral- 
dehyde ten times, admixture of 6.5% of ferric chloride eight times [25]. 

On the other hand, some compounds slow down the uptake of hydrogen 
and may even stop it at a certain stage of hydrogenation. Addition of lead 
acetate to palladium on calcium carbonate makes the catalyst suitable for 
selective hydrogenation of triple to double bonds (Lindlar catalyst) [36] 
{Procedure 9, p. 206). 

The strongest inhibitors of noble metal catalysts are sulfur and most sulfur 
compounds. With the exception of modifying a palladium-on-barium sulfate 
catalyst [35] or platinum oxide [60] for the Rosenmund reduction the presence 
of sulfur compounds in materials to be hydrogenated over platinum, palla- 
dium and rhodium catalysts is highly undesirable. Except for hexacovalent 
sulfur compounds such as sulfuric acid and sulfonic acids, most sulfur-con- 
taining compounds are ‘catalytic poisons’ and may inhibit hydrogenation 
very strongly. If such compounds are present as impurities they can be 
removed by contact with Raney nickel, which combines with almost any form 
of sulfur to form nickel sulfide. Shaking or stirring of a compound contami- 
nated with sulfur-containing contaminants with Raney nickel makes possible 
subsequent hydrogenation over noble metal catalysts. 

Many nucleophiles act as inhibitors of platinum, palladium and rhodium 
catalysts. The strongest are mercaptans, sulfides, cyanide and iodide; weaker 
are ammonia, azides, acetates and alkalis [26]. 

Acidity or alkalinity of the medium plays a very important role. Hydrogen- 
ation of aromatic rings over platinum catalysts requires acid medium. Best 
results are obtained when acetic acid is used as the solvent. Addition of 
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sulfuric or perchloric acid is of advantage, and in the hydrogenation of 
pyridine compounds, even necessary. Reduction of weakly basic pyridine and 
its derivatives to the corresponding strongly basic piperidines generates 
catalytic poisons. 

On the other hand, addition of tertiary amines accelerated hydrogenation 
of some compounds over Raney nickel [67]. In hydrogenation of halogen 
derivatives over palladium [62] or Raney nickel [63] the presence of at least 
one equivalent of sodium or potassium hydroxide was found necessary. 



Effects of the Amount of Catalyst, Solvent, Temperature and Pressure 

The ratio of the catalyst to the compound to be hydrogenated has, within 
certain limits, a strong effect on the rate of hydrogenation. Platinum group 
catalysts are used in amounts of 1 -3% of the weight of the metal while Raney 
nickel requires much larger quantities. Doubling the amount of a nickel 
catalyst in the hydrogenation of cottonseed oil from 0.075% to 0. 1 5% doubled 
the reaction rate [64]. With 10% as much Raney nickel as ester practically no 
hydrogenation of the ester took place even at 100°. With 70%, hydrogenation 
at 50° was more rapid than hydrogenation at 100° with 20-30% catalyst [67]. 
Some hydrogenations over Raney nickel and copper chromite went well only 
if 1 .5 times as much catalyst as reactant was used [65]. 

The best solvents for hydrogen (pentane, hexane) are not always good 
solvents for the reactants. Methanol and ethanol, which dissolve only about 
one third the amount of hydrogen as the above hydrocarbons dissolve, are 
used most frequently. Other solvents for hydrogenations are ether, 
thiophen-free benzene, cyclohexane, dioxane and acetic acid, the last one 
being especially useful in the catalytic hydrogenations of aromatics over 
platinum metal catalysts. Too volatile solvents are not desirable. In hydro- 
genations at atmospheric pressures they make exact reading of the volume of 
consumed hydrogen tedious and inaccurate, and in high-temperature and 
high-pressure hydrogenations they contribute to the pressure in the autoclave. 

Water does not dissolve many organic compounds but it can be used as a 
solvent, especially in hydrogenations of acids and their salts. It may have 
some deleterious effects; for example it was found to enhance hydrogenolysis 
of vinylic halogens [66], 

The pH of the solution plays an important rate in the steric outcome of the 
reaction. Acidic conditions favor cis addition and basic conditions favor trans 
addition of hydrogen [22, 67]. 

Temperature affects the rate of hydrogenation but not as much as is usual 
with other chemical reactions. The rise in temperature from 50° to 100° and 
from 25° to 100° caused, respectively, fourfold and 12-fold increases in the 
rates of hydrogenation of esters over Raney nickel W6 [67], The increased 
rate of hydrogenation may reduce the selectivity of the particular catalyst. 

Pressure of hydrogen, as expected, increases the rate of hydrogenation 
considerably but not to the same extent with all compounds. In the hydro- 
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genation of esters over Raney nickel W6 the rate doubled with an increase 
from 280 to 350 atm [61\ In hydrogenation of cottonseed oil in benzene over 
nickel at 120°, complete hydrogenation was achieved at 30 atm in 3 hours, at 
170 atm in 2 hours, and at 325 atm in 1.5 hours [64\. High pressure favors cis 
hydrogenation where applicable [10] but decreases the stereoselectivity [8]. 

The seemingly peripheral effect of mixing must not be underestimated. 
Since hydrogenation, especially the heterogeneous hydrogenation, is a re- 
action of three phases, it is important that good contact take place not only 
between the gas and the liquid but also between hydrogen and the solid, the 
catalyst. It is therefore essential that the stirring provide for frequent, or 
better still, permanent contact between the catalyst and the gas. Shaking and 
fast magnetic stirring is therefore preferred to slow rocking [68]. 



Carrying Out Catalytic Hydrogenation 

After a decision has been taken as to what type of hydrogenation, what 
catalyst and what solvent are to be used, a careful calculation should precede 
carrying out of the reaction. 

In atmospheric or low-pressure hydrogenation the volume of hydrogen 
needed for a partial or total reduction should be calculated. This is imperative 
for partial hydrogenations when the reduction has to be interrupted after the 
required volume of hydrogen has been absorbed. In exact calculations vapor 
pressure of the solvent used must be considered since it contributes to the 
total pressure in the apparatus. If oxide-type catalysts are used, the amount 
of hydrogen needed for the reduction of the oxides to the metals must be 
included in the calculation. 

In high-pressure hydrogenations the calculations are even more important. 
It is necessary to take into account, in addition to the pressure resulting from 
heating of the reaction mixture to a certain temperature, an additional pres- 
sure increase caused by the temperature rise owing to considerable heat of 
hydrogenation (approximately 30 kcal/mol per double bond). In hydrogena- 
tions of large amounts of compounds in low-boiling solvents, the reaction 
heat may raise the temperature inside the autoclave above the critical tem- 
perature of the components of the mixture. In such a case, when one or more 
components of the mixture gasify, the pressure inside the container rises 
considerably and may even exceed the pressure limits of the vessel. A sufficient 
leeway for such potential or accidental pressure increase should be secured 
[68]. 

The calculated amounts of the catalyst, reactant and solvent (if needed) are 
then placed in the hydrogenation vessel. Utmost care must be exercised in 
loading the hydrogenation container with catalysts which are pyrophoric, 
especially when highly volatile and flammable solvents like ether, methanol, 
ethanol, cyclohexane or benzene are used. The solution should be added to 
the catalyst in the container. If the catalyst must be added to the solution this 
should be done under a blanket of an inert gas to prevent potential ignition. 
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The hydrogenation vessel is attached to the source of hydrogen, evacuated, 
flushed with hydrogen once or twice to displace any remaining air (oxygen 
may inhibit some catalysts), pressurized with hydrogen, shut off from the 
hydrogen source, and stirring and heating (if required) are started. 

After the hydrogenation is over and the apparatus is cold the excessive 
pressure is bled off. In high-temperature high-pressure hydrogenations carried 
out in robust autoclaves it takes considerable time for the assembly to cool 
down. If correct reading of the final pressure is necessary it is advisable to let 
the autoclave cool overnight. 

Isolation of the products is usually carried out by filtration. Suction filtration 
is faster and preferable to gravity filtration. When pyrophoric noble metal 
catalysts and Raney nickel are filtered with suction the suction must be 
stopped before the catalyst on the filter paper becomes dry. Otherwise it can 
ignite and cause fire. Where feasible centrifugation and decantation should 
be used for the separation of the catalyst. Sometimes the filtrate contains 
colloidal catalyst which has passed through the filter paper. Stirring of such 
filtrate with activated charcoal followed by another filtration usually solves 
this problem. Evaporation of the filtrate and crystallization or distillation of 
the residue completes the isolation. 

Isolation of products from homogeneous hydrogenation is more compli- 
cated and depends on the catalyst used. 



Catalytic Transfer of Hydrogen 

A special kind of catalytic hydrogenation is catalytic hydrogen transfer 
achieved by heating of a compound to be hydrogenated in a solvent with a 
catalyst and a hydrogen donor - a compound which gives up its hydrogen. 
The hydrogen donors are hydrazine [59, 70], formic acid [77], triethylammon- 
ium formate [72, 75], cyclohexene [74^ 75], cyclohexadiene [75, 77], tetralin 
[75], pyrrolidine [79], indoline [79], tetrahydroquinoline [79], triethysilane [80] 
and others; the catalysts are platinum, palladium or Raney nickel [57] {Pro- 
cedure 10, p. 206). 

Catalytic hydrogen transfer results usually in cis (syn) addition of hydrogen 
and is sometimes more selective than catalytic hydrogenation with hydrogen 
gas (p. 44). 

REDUCTION WITH HYDRIDES AND COMPLEX HYDRIDES 

Fifty years after the introduction of catalytic hydrogenation into the metho- 
dology of organic chemistry another discovery of comparable importance 
was published: synthesis [52] and applications [83] of lithium aluminum 
hydride and lithium and sodium borohydride. 

Treatment of lithium hydride with aluminum chloride gives lithium alu- 
minum hydride which, with additional aluminum chloride, affords aluminum 
hydride, alane {Procedure 77, p. 206). 
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(3) 



[82] 4 LiH + AlCl 3 — > LiAlH/^ + 3 LiCl 

M.W, 37,95, m,p. 125'’(dec.) 

3 + AlCl 3 > A ALH 3 + 3 Li Cl 

A boron analog - sodium borohydride - was prepared by reaction of sodium 
hydride with trimethyl borate [84] or with sodium fluoroborate and hydrogen 
[55], and gives, on treatment with boron trifluoride or aluminum chloride, 
borane (diborane) [86\. Borane is a strong Lewis acid and forms complexes 
with many Lewis bases. Some of them, such as complexes with dimethyl 
sulfide, trimethyl amine and others, are sufficiently stable to have been made 
commercially available. Some others should be handled with precautions. A 
spontaneous explosion of a molar solution of borane in tetrahydrofuran 
stored at less than 15° out of direct sunlight has been reported [87]. 



[84] 



[85] 



[ 86 ] 



i] NaH + B(0Me)7 



A NaH + NaBF^^ 






360®, 50 atm 



3 NaBH^, + ^ BF 3 
2 BHt: 



NABHi, + 3 MeONa 

M.W. 37.83 

-> NaBH^ (35%) + NaF 



BH 5 + 3 NABFi^ 



(4) 



BH 5 -THF 



^ B2H5 

M.W, 27.66 

BH5*NMe3 

M.W, 72.95 



Hn 



;b 






b: 



H 






BH3'SMe2 

M.W. 75,97 



Complex aluminum and boron hydrides can contain other cations. The 
following compounds are prepared by metathetical reactions of lithium alu- 
minum hydride or sodium borohydride with the appropriate salts of other 
metals: sodium aluminum hydride [88], magnesium aluminum hydride [89], 
lithium borohydride [90], potassium borohydride [91], calcium borohydride [92] 
and tetrabutylammonium borohydride [92]. 

(5) 



[88] 


NaAlH^^ 


[89] 


Mg(AlH/|)2 




M.W. 54.00 




M.W. 86.33 


[90] 


LiBHij 


[91] 


m^ 




M.W. 21.78 
m.p. 275-280° 




M.W. 53.94 


[92] 


Ca(BHi,)2 


[93] 


Bu/^NBHi^ 




M.W. 69.76 




M.W. 257.30 
m.p. 103-104 



Lithium aluminum hydride and sodium borohydride react with alcohols 
and form alkoxyalumino hydrides and alkoxy boro hydrides: most widely used 
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are lithium trimethoxy- [94\ and triethoxy aluminum hydride [95], lithium di~ 
ethoxyaluminum hydride [95], lithium tri{tert-butoxy)aluminum hydride [96], 
sodium bis{2-methoxyethoxy)aluminum hydride (Vitride, Red-Al®) [97, 98] 
and sodium trimethoxyborohydride [99] {Procedure 12, p. 207). 



[94] LiAlH(0Me)3 



[95] LiAlH2(0Et)2 



( 6 ) 



M.W. 128.03 



M.W. 126.06 



[ 5 <?] Li ALhKOCME^)^ 



[57. NaAlH2(0CH2CH20Me)2 



M.W. 254.27 
m.p. 319°(dec.) 



red-al'^, vitride 

M.W. 202,16 



[55] NaBH(0Me)3 

M.W. 127.91 



Replacement of hydrogen by alkyl groups gives compounds like lithium 
trie thy Iborohydride (Super-Hydride®) [100], lithium tris{sec-buty[)borohydride 

[101] (L-Selectride®) and potassium tris{sec-butyl)borohydride (K-Selectride®) 

[102] . Replacement by a cyano group yields sodium cyanoborohydride [103], 
a compound stable even at low pH (down to ~ 3), and tetrabutylammonium 
cyanoborohydride [93]. 



[ 100] 


L1BHET3 


[ 101 } 


LiBH(CHMeEt); 




SUPERHYDRIDE® 




L-SELECTRIDE® 




M.W. 105.94 




M.W. 190.11 


[ 102] 


KBH(CHMeEt)3 


[ 102 ] 


NABH3CN 




K-SELECTRIDE® 




M.W. 62.84 




M.W. 222.27 




m.p. >242° (dec 


[ 55 ] 


BU4NBH3CN 








M.W. 282.30 







Addition of alane and borane to alkenes affords a host of alkylated alanes 
and boranes with various reducing properties (and sometimes bizarre names): 
diisobutylalane (Dibal-H®) [104], 9-borabicyclo[3.3.1 Jnonane (9-BBN) (pre- 
pared from borane and 1,5-cyclooctadiene) [705], mono- [106, 107] and diiso- 
pinocampheylborane (B-di-3-pinanylborane) (both prepared from borane and 
optically active a-pinene) [108], isopinocampheyl-9-borabicyclo[ 3.3.1] nonane 
alias B-3-pinanyl-9-borabicyclo[3.3.1]nonane (3-pinanyl-9-BBN) (prepared 
from 9-borabicyclo [3.3.1]nonane and a-pinene) [709], NB-Enanthrane® pre- 
pared from 9-borabicyclo[3.3.1]nonane and nopol benzyl ether) [770] and 
others.* 

Lithium aluminum hydride and alanes are frequently used for the prepar- 
ation of hydrides of other metals. Diethylmagnesium is converted to magne- 
sium hydride [777], trialkylchlorosilanes are transformed to trialkylsilanes 

* The symbol (g) in this and the two previous paragraphs indicates trade names of the Aldrich 
Chemical Company. 
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Uo4\ AlH(CH2CHMe2)2 BH(CHMeCHMe2)2 

DIBAL-H® DISIAMYLBORANE® 

M.W, 142.22, b,p. 140V4 mm M.W. 286.31 



( 8 ) 



[lOS] 



BHt 



■ "“O ■ "O 



9-Borabicyclo [3 . 3 . 1] nonane <9-BBN) 
M.W. 122. 02 (dimer) , m.p. 150-152" 



[ 108 ] 




M.W. 286.29 



Diisopinocampheylborane 
B- di-3-pinanylborane 



[ 109 \ 



[no] 





B-3-pinanyl-9-bora- 
blcyclo[3.3. 1] nonane 



M.W. 197.24 




Nopol benzyl ether M.W. 317.38 



[7/2], and alkyl and aryltin chlorides to mono-, di- and trisubstituted stan- 
nanes of which dibutyl- and diphenylstannanes and tributyl- and triphenylstan- 
nanes are used most frequently [775, 114\, Their specialty is replacement of 
halogens in all types of organic halides. 

Reduction of cuprous chloride with sodium borohydride gives copper hy- 
dride which is a highly selective agent for the preparation of aldehydes from 
acyl chlorides [775]. 

(9) 

U 22 ] 4 ET3S1CL + LiAlH^^ > i] ET3S1H + LiCl + AlCl3 

M.W. 116.28 
b.p. 109", d 0.728 

^ Bu 3 $nCl + LiAlH^ >^Bu 3 $nH + LiCl + ALCL 3 

M.W, 291.05 

b.p. 80“/0.4 mm,d 1.082 

4 PH 3 SNCL + LiAlH/^ >4Ph3SnH + LiCl + AlCl 3 

M.W. 351.02 

2 Ph2SnCl2 + LiAlH/^ > 2 PH2SNH2 + LiCl + ALCL3 

M.W. 274.91 



CuCl + + 2 PH 3 P 



^(Ph3P)2CuCJ/BCJ + NaCl 
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In more recent publications a new, more systematic nomenclature for 
hydrides and complex hydrides has been adopted. Examples of both nomen- 
clatures are shown below: 



Old 

Lithium aluminum hydride 

Sodium borohydride 

Lithium trialkoxyaluminum hydride 
Sodium bis(2-methoxyethoxy)aluminum hy- 
dride 

Diisobutylaluminum hydride 
Tributyltin hydride 



New 

Lithium tetrahydroaluminate 
Lithium tetrahydridoaluminate 
Sodium tetrahydroborate 
Sodium tetrahydridoborate 
Lithium trialkoxyhydridoaluminate 
Sodium bis(2-methoxyethoxy)dihydro- 
aluniinate 
Diisobutylalane 
T ributy Istannane 



Because the majority of publications quoted here utilize the older termi- 
nology it is still used predominantly throughout the present book. 



Mechanism, Stoichiometry and Stereochemistry of Reductions with Hydrides 

The reaction of complex hydrides with carbonyl compounds can be exempli- 
fied by the reduction of an aldehyde with lithium aluminum hydride. The 
reduction is assumed to involve a hydride transfer from a nucleophile - 
tetrahydroaluminate ion - onto the carbonyl carbon as a place of the lowest 
electron density. The alkoxide ion thus generated complexes the remaining 
aluminum hydride and forms an alkoxytrihydroaluminate ion. This inter- 
mediate reacts with a second molecule of the aldehyde and forms a dialkoxy- 
dihydroaluminate ion which reacts with the third molecule of the aldehyde 
and forms a trialkoxyhydroaluminate ion. Finally the fourth molecule of the 
aldehyde converts the aluminate to the ultimate stage of tetraalkoxyaluminate 
ion that on contact with water liberates four molecules of an alcohol, alu- 
minum hydroxide and lithium hydroxide. Four molecules of water are needed 
to hydrolyze the tetraalkoxyaluminate. The individual intermediates really 
exist and can also be prepared by a reaction of lithium aluminum hydride 
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with alcohols. In fact, they themselves are, as long as they contain at least one 
unreplaced hydrogen atom, reducing agents. 

From the equation showing the mechanism it is evident that 1 mol of 
lithium aluminum hydride can reduce as many as four molecules of a carbonyl 
compound, aldehyde or ketone. The stoichiometric equivalent of lithium alu- 
minum hydride is therefore one fourth of its molecule, i.e. 9.5 g/mol, as much 
as 2 g or 22.4 liters of hydrogen. Decomposition of 1 mol of lithium aluminum 
hydride with water generates four molecules of hydrogen, four hydrogens 
from the hydride and four from water. 

The stoichiometry determines the ratios of lithium aluminum hydride to 
other compounds to be reduced. Esters or tertiary amides treated with one 
hydride equivalent (one fourth of a molecule) of lithium aluminum hydride 
are reduced to the stage of aldehydes (or their nitrogen analogs). In order to 
reduce an ester to the corresponding alcohol, two hydride equivalents, i.e. 
0.5 mol of lithium aluminum hydride, is needed since, after the reduction of 
the carbonyl, hydrogenolysis requires one more hydride equivalent. 
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Free acids require still an additional hydride equivalent because their acidic 
hydrogens combine with one hydride ion of lithium aluminum hydride form- 
ing acyloxy trihydroaluminate ion. Complete reduction of free carboxylic 
acids to alcohols requires 0.75 mol of lithium aluminum hydride. The same 
amount is needed for reduction of monosubstituted amides to secondary 
amines. Unsubstituted amides require one full mole of lithium aluminum 
hydride since one half reacts with two acidic hydrogens while the second half 
achieves the reduction. 
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3 ® ® 

Al Li +2 L1ALO2 



A RCH2OH + L1ALO2 

A RCO2H + 3 LiAlHi, + 2 H2O = a RCH2OH + 3 L1ALO2 + A H2 



The stoichiometry of lithium aluminum hydride reductions with other 
compounds such as nitriles, epoxides, sulfur- and nitrogen-containing com- 
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pounds is discussed in original papers [94^ 116, 117, 118\ and surveyed in 
Table 2. 

In practice often an excess of lithium aluminum hydride over the stoichio- 
metric amount is used to compensate for the impurities in the assay. In truly 
precise work, when it is necessary to use an exact amount, either because any 
overreduction is to be avoided or because kinetic and stoichiometric measure- 
ments are to be carried out, it is necessary to determine the contents of the 
pure hydride in the solution analytically {Procedure 13, p. 207). 

Theoretical equivalents of various hydrides are listed in Table 2. 

Table 2 Stoichiometry of hydrides and complex hydrides* 



Starting compound Product 


Stoichiometric 
hydride equivalent! 


R-Cl, Br, I 


RH 


1 


RNO2 


RNH2 


6 


2RNO2 


RN=NR 


8 


ROH 


RH 


2 


r\ 

RjC-CR'2 


R2C(0H)CHR'2 


1 


RSSR 


RSH 


2 


RSO2CI 


RSH 


6 


RCHO, RR'CO 


RCH2OH, RR'CHOH 


1 


RCO2H 


RCH2OH 


3 


ROCl 


RCHO 


1 




RCH2OH 


2 


(RC0)20 


2 RCH2OH 


4 


RCO2R' 


RCHO + R'OH 


1 




RCH2OH + ROH 


2 


RCONR2' 


RCHO + HNR'2 


1 




RCH2NR'2 


2 


RCONHR' 


RCH2NHR' 


3 


RCONH2 


RCH2NH2 


4 


RCN 


RCHO 


1 




RCH2OH 


2 



•Abstracted from: A. Hajos, Complex Hydrides and Related Reducing Agents in Organic 
Synthesis (listed on p. 100). 

t One hydride equivalent is equal to 0.25 equivalent of LiAlH4 or NaBH4, 0.33 equivalent of 
BHj or AIH3, 0.5 equivalent of NaAlH2 (0CH2CH20Me), and 1 equivalent of LiAlH(OR)3 
or RjSnH. 



A similar mechanism and stoichiometry underlie reactions of organic com- 
pounds with lithium and sodium borohydrides. With modified complex hy- 
drides the stoichiometry depends on the number of hydrogen atoms present 
in the molecule. 

The mechanism of reduction by boranes and alanes differs somewhat from 
that of complex hydrides. The main difference is in the entirely different 
chemical nature of the two types. Whereas complex hydride anions are strong 
nucleophiles which attack the places of lowest electron density, boranes and 
alanes are electrophiles and combine with that part of the organic molecule 
which has a free electron pair [119]. By a hydride transfer alkoxyboranes or 
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alkoxyalanes are formed until all three hydrogen atoms from the boron 
or aluminum have been transferred and the borane or alane converted to 
alkoxyboranes (trialkylborates) or alkoxyalanes. 




OCHRR' H H 

I RR'CO I I 

RR'CHO-B ^ RR'CHO-B < RR'CHO-B^^H 

OCHRR' OCHRR' t^=CRR' 

H^O 

3 RR^CHOH + B(0H)3 

Hydrides and complex hydrides tend to approach the molecule of a com- 
pound to be reduced from the less hindered side {steric approach control). If 
a relatively uninhibited function is reduced the final stereochemistry is deter- 
mined by the stability of the product {product development control). In addi- 
tion, torsional strain in the transition state alTects the steric outcomes of the 
reduction. 

In many cases also the reduction agent itself influences the result of the 
reduction, especially if it is bulky and the environment of the function to be 
reduced is crowded. A more detailed discussion of stereochemistry of reduc- 
tion with hydrides is found in the section on ketones (p. 1 14). 



Handling of Hydrides and Complex Hydrides 

Many of the hydrides and complex hydrides are now commercially available. 
Some of them require certain precautions in handling. Lithium aluminum 
hydride is usually packed in polyethylene bags enclosed in metal cans. It 
should not be stored in ground glass bottles. 

Opening of a bottle where some particles of lithium aluminum hydride 
were squeezed between the neck and the stopper caused a fire [65], Lithium 
aluminum hydride must not be crushed in a porcelain mortar with a pestle. 
Fire and even explosion may result from contact of lithium aluminum hydride 
with small amounts of water or moisture. Sodium bis(2-methoxy- 
ethoxy)aluminum hydride (Vitride, Red-Al®) delivered in benzene or toluene 
solutions also may ignite in contact with water. Borane (diborane) ignites in 
contact with air and is therefore kept in solutions in tetrahydrofuran or in 
complexes with amines and sulfides. Powdered lithium borohydride may 
ignite in moist air. Sodium borohydride and sodium cyanoborohydride, on 
the other hand, are considered safe.* 

Since some of the hydrides and complex hydrides are moisture-sensitive, 

*Note added in proof. A severe explosion resulting in serious injury occurred when a screw-cap 
glass bottle containing some 25 g of sodium borohydride was opened (le Noble, W. J,, Chem. & 
Eng. News, 1983, 61 (19), 2). 
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hypodermic syringe technique and work under inert atmosphere are advisable 
and sometimes necessary. Because of high toxicity of some of the hydrides 
(borane) and complex hydrides (sodium cyanoborohydride), and for other 
safety reasons, all work with these compounds should be done in hoods. 
Specifics about handling individual hydrides and complex hydrides are to be 
found in the particular papers or reviews [118] (pp. 223, 257, 258). 

Reductions with hydrides and complex hydrides are usually carried out by 
mixing solutions. Only sodium borohydride and some others are sometimes 
added portionwise as solids. Since some of the complex hydrides such as 
lithium aluminum hydride are not always completely pure and soluble with- 
out residues, it is of advantage to place the solutions of the hydrides in the 
reaction flask and add the reactants or their solutions from separatory funnels 
or by means of hypodermic syringes. 

If, however, an excess of the reducing agent is to be avoided and a solution 
of the hydride is to be added to the compound to be reduced (by means of the 
so-called ‘inverse technique’) special care must be taken to prevent clogging 
of the stopcock of a separatory funnel with undissolved particles. 

When sparingly soluble compounds have to be reduced they may be trans- 
ported into the reaction flask for reduction by extraction in a Soxhlet appar- 
atus surmounting the flask [<95, 120], 

In many reactions, especially with compounds which are only partly dis- 
solved in the solvent used, efficient stirring is essential, A paddle-type ‘trubore’ 
stirrer is preferable to magnetic stirring, particularly when larger amounts of 
reactants are handled. 

Solubilities of the most frequently used hydrides and complex hydrides in 
most often used solvents are listed in Table 3. In choosing the solvent it is 
necessary to consider not only the solubility of the reactants but also the 
boiling points in case the reduction requires heating. 

Isolation of the product varies from one reducing agent and one reduced 
compound to another. The general feature is the decomposition of the re- 



Table 3 Solubilities of selected complex hydrides in common solvents (in g per 100 g of solvent) at 

25±5°* 



Solvent 


H 2 O 


MeOH 


ElOH Etfi 


THE 


Dioxane 


(CH 20 Me )2 Diglyme 


Hydride 














UAIH 4 






35-40 


13 


0,1 


7(12)t 5(8)t 


LiBH. 




-2.5 (dec.) 


-2.5 (dec.) 2.5 


28 


0.06 




NaBH. 


55(88.5)J 


16.4 (dec.) 


20 (dec.) 


0.1 




0.8 5.5 


NaBHjCN 


212 


very sol. 


slightly sol. 0 


37.2 




17.6 


NaBH(OMe )3 










1.6(4.5)t 




LiAlH(OCMe 3)3 




2 


36 




4 41 



* Abstracted from: A. Hajos, Complex Hydrides and Related Reducing Agents in Organic Synthesis 
(listed on p. 100 ). 
tAt 75". 
t At 60". 
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action mixture after the reaction with ice or water followed by acid or alkali. 

Reaction of the products of reduction with lithium aluminum hydride with 
water is very exothermic. This is especially true of reductions in which an 
excess of lithium aluminum hydride has been used. In such cases it is advisable 
to decompose the unreacted hydride by addition of ethyl acetate (provided its 
reduction product - ethanol - does not interfere with the isolation of the 
products). Then normal decomposition with water is carried out followed by 
acids [83] or bases [121]. 

If the reduction has been carried out in ether, the ether layer is separated 
after the acidification with dilute hydrochloric or sulfuric acid. Sometimes, 
especially when not very pure lithium aluminum hydride has been used, a 
gray voluminous emulsion is formed between the organic and aqueous layers. 
Suction filtration of this emulsion over a fairly large Buchner funnel is often 
helpful. In other instances, especially in the reductions of amides and nitriles 
when amines are the products, decomposition with alkalis is in order. With 
certain amounts of sodium hydroxide of proper concentration a granular 
by-product - sodium aluminate - may be separated without problems [121]. 

Isolation of products from the reductions with sodium borohydride is in the 
majority of cases much simpler. Since the reaction is carried out in aqueous 
or aqueous-alcoholic solution, extraction with ether is usually sufficient. 
Acidification of the reaction mixture with dilute mineral acids may precede 
the extraction. 

Decomposition of the reaction mixtures with water followed by dilute acids 
applies also to the reductions with boranes and alanes. Modifications are 
occasionally needed, for example hydrolysis of esters of boric acid and the 
alcohols formed in the reduction. Heating of the mixture with dilute mineral 
acid or dilute alkali is sometimes necessary. 

The domain of hydrides and complex hydrides is reduction of carbonyl 
functions (in aldehydes, ketones, acids and acid derivatives). With the excep- 
tion of boranes, which add across carbon -carbon multiple bonds and afford, 
after hydrolysis, hydrogenated products, isolated carbon-carbon double 
bonds resist reduction with hydrides and complex hydrides. However, a 
conjugated double bond may be reduced by some hydrides, as well as a triple 
bond to the double bond (p. 44). Reductions of other functions vary with the 
hydride reagents. Examples of applications of hydrides are shown in Proce- 
dures 14-24 (pp. 207-210). 

ELECTROREDUCTION AND REDUCTIONS WITH METALS 

Dissolving metal reductions were among the first reductions of organic com- 
pounds discovered some 130 years ago. Although overshadowed by more 
universal catalytic hydrogenation and metal hydride reductions, metals are 
still used for reductions of polar compounds and selective reductions of 
specific types of bonds and functions. Almost the same results are obtained 
by electrolytic reduction. 
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Mechanism and Stereochemistry 

Reduction is defined as acceptance of electrons. Electrons can be supplied by 
an electrode - cathode - or else by dissolving metals. If a metal goes into 
solution it forms a cation and gives away electrons. A compound to be 
reduced, e.g, a ketone, accepts one electron and changes to a radical anion A. 
Such a radical anion may exist when stabilized by resonance, as in sodium- 
naphthalene complexes with some ethers [ 122 ], In the absence of protons the 
radical anion may accept another electron and form a dianion B, Such a 
process is not easy since it requires an encounter of two negative species, an 
electron and a radical anion, and the two negative sites are close together. It 
takes place only with compounds which can stabilize the radical anion and 
the dianion by resonance. 

Rather than accepting another electron, the radical anion A may combine 
with another radical anion and form a dianion of a dimeric nature C. This 
intermediate too, is formed more readily in the aromatic series. 

In the presence of protons, the initial radical anion A is protonated to a 
radical D which has two options: either to couple with another radical to 
form a pinacol E, or to accept another electron to form an alcohol F. The 
pinacol E and the alcohol F may also result from double protonation of the 
doubly charged intermediates C and B, respectively. 



3 + 3 - © © © 

^C=b — /C— 0^ — /C— OH - ^ ^ > /C — OH 




(14) 



A similar process may take place in the reduction of polar compounds with 
single bonds. A halogen, hydroxy, sulfhydryl or amino derivative by accepting 
an electron dissociates into a radical and an anion. In aprotic solvents the 
two radicals combine. In the case of halogen derivatives the result is Wurtz 
synthesis. In the presence of protons the anion is protonated and the radical 
accepts another electron to form an anion that after protonation gives a 
hydrocarbon or a product in which the substituent has been replaced by 
hydrogen. 

The reductions just described are quite frequent with compounds contain- 
ing polar multiple bonds such as carbon-oxygen, carbon-nitrogen, nitrogen- 
oxygen, etc. [ 123 ], Even carbon-carbon bond systems can be reduced in this 
way, but only if the double bonds are conjugated with a polar group or at 
least with another double bond or aromatic ring. Dissolving metal reduction 
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R - X — R. + X® 




(15) 



of an isolated carbon-carbon double bond is extremely rare and has no 
practical significance. On the other hand, reduction of conjugated dienes and 
of aromatic rings is feasible and becomes easier with increasing ability of 
resonance of the charged intermediates (anthracene and phenanthrene are 
reduced much more readily than naphthalene and that in turn more readily 
than benzene). Reductions are especially successful when the source of pro- 
tons - compounds with acidic hydrogens, alcohols, water, acids - is present 
in the reducing medium. In such cases dimerization reactions are suppressed 
and good yields of fully reduced products are obtained (Birch reduction with 
alkali metals, reduction with zinc and other metals). 

Because of the stepwise nature of the reductions by acceptance of electrons 
the net result of reductions with metals is usually anti or trans addition of 
hydrogen. Thus disubstituted acetylenes give predominantly rran^-alkenes, 
cw-alkenes give racemic mixtures and threo forms, and tran^-alkenes meso or 
erythro forms. Reduction of 4-cyclohexanonecarboxylic acid with sodium 
amalgam gave trans 4-cyclohexanolcarboxylic acid (with both substituents 
equatorial) [124\, and reduction of 2-isopropylcyclohexanone with sodium in 
moist ether gave 90-95% of tran.s-2-isopropylcyclohexanol [125], In other 
cases conformational effects play an important role [126\ {p. 45). 



Electrolytic Reduction 

The most important factor in electrolytic reduction (electroreduction) is the 
nature of the metal used as a cathode. Metals of low overvoltage - platinum 
(0.005-0.09 V), palladium, nickel and iron - give generally similar results of 
reduction as does catalytic hydrogenation [127], Cathodes made of metals of 
high overvoltage such as copper (0.23 V), cadmium (0.48 V), lead (0.64 V), 
zinc (0.70 V) or mercury (0.78 V) produce similar results to those of dissolving 
metal reductions. 

Another important factor in electroreduction is the electrolyte. Most elec- 
trolytic reductions are carried out in more or less dilute sulfuric acid but some 
are done in alkaline electrolytes such alkali hydroxides, alkoxides or solutions 
of salts like tetramethylammonium chloride in methanol [128] or lithium 
chloride in alkyl amines [129, 130], 

Different results may also be obtained depending on whether the electro- 
lytic cell is divided (by a diaphragm separating the cathode and anode spaces) 
or undivided [129], 

The apparatus for electrolytic reductions (Fig. 5) may be an open vessel for 
work with non-volatile compounds, or a closed container fitted with a reflux 
condenser for work with compounds of high vapor pressure. Since the elec- 
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Fig. 5 Electrolytic cell. A, electrodes; B, diaphragm; C, reflux condensers; D, glass 
seals. 

troreduction in exothermic, cooling must sometimes be applied [7i7, 752, 
755]. 

The size of electrodes and the current passed through the electrolytic cell 
determine the current density, which in most reductions is in the range of 
0.05-0.2 A/cm^ . The current in turn is determined by the imposed voltage and 
conductivity of the electrolyte. The amount of electricity used for electrore- 
duction of one gram equivalent of a compound is 96,500 coulombs (26.8 
ampere-hours). In practice about twice the amount is used (current yield of 
50%) {Procedure 25, p. 210). 



Reductions with Alkali Metals 

The reducing powers of metals parallel their relative electrode potentials, i.e. 
potentials developed when the metal is in contact with a normal solution of 
its salts. The potential of hydrogen being equal to 0, the potentials or electro- 
chemical series of some elements are as shown in Table 4. 



Table 4 Physical constants and relative electrode potentials of some metals 











Metal 








Li 


K 


Na 


A1 


Zn 


Fe 


Sn 


Relative electrode potential (volts) 


-2.9 


-2.9 


-2.7 


-1.34 


-0.76 


-0.44 


-0.14 


Atomic weight 


6.94 


39.1 


22.99 


26.98 


65.37 


55.85 


118.69 


Melting point (°C) 


179 


63.7 


97.8 


660 


419.4 


1535 


231.9 


Density 


0.53 


0.86 


0.97 


2.70 


7.14 


7.86 


7.28 



Metals with large negative potentials, like alkali metals and calcium, are 
able to reduce almost anything, even carbon-carbon double bonds. Metals 
with low potentials (iron, tin) can reduce only strongly polar bonds (such as 
nitro groups but, generally, not carbonyl groups). 

Sodium, lithium and potassium dissolve in liquid ammonia (m.p. —Il.T, 
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b.p. —33.4°). They form blue solutions which are stable unless traces of 
metals such as iron or its compounds are present that catalyze the reaction 
between the metal and ammonia to form alkali amide and hydrogen. Solu- 
bilities of lithium, sodium and potassium in liquid ammonia at its boiling 
point are (in g per 1 00 g) 1 0.4, 24.5, and 47.8, which correspond to mole ratios 
of 0.25, 0.18 and 0.21, respectively [134]. In practice usually more dilute 
solutions are used. The majority of dissolving metal reductions are carried 
out in the presence of proton donors, most frequently methanol, ethanol and 
tert-huiyX alcohol {Birch reduction). The function of these donors is to pro- 
tonate the intermediate anion radicals and thus to cut down on undesirable 
side reactions such as dimerization of the radical anion and polymerization. 
Other proton sources such as A^-ethylaniline, ammonium chloride and others 
are used less often. Cosolvents such as tetrahydrofuran help increase mutual 
miscibility of the reaction components. 

The reductions are usually carried out in three-necked flasks fitted with 
efficient cold finger reflux condensers filled with dry-ice and acetone, mech- 
anical or magnetic stirrers, and inlets for ammonia and the metal. Ammonia 
may be introduced as a liquid from the bottom of an ammonia cylinder, or as 
a gas which condenses in the apparatus. In the latter case it is of advantage to 
cool the reaction flasks with dry-ice/acetone baths to accelerate the conden- 
sation. When ammonia without traces of water is necessary, it can be first 
introduced into a flask containing pieces of sodium and then evaporated into 
the proper reaction flask where it condenses. The opening for the introduction 
of ammonia is also used for adding into the flask the pieces of metal. After 
the reduction has been completed ammonia is allowed to evaporate, following 
the removal of the reflux condenser. If unreacted metal is present it is decom- 
posed by addition of ammonium chloride or, better still, finely powdered 
sodium benzoate. Evaporation of ammonia is slow. It is best done overnight. 
It can be sped up by gentle heating of the reaction flask. The final Vork-up 
depends on the chemical properties of the products. A similar technique can 
be used for reductions with calcium {Procedure 25, p. 21 1). 

Reductions in liquid ammonia run at atmospheric pressure at a tempera- 
ture of —33°. If higher temperatures are necessary for the reduction, other 
solvents of alkali metals are used: methylamine (b.p. — 6.3°), ethylamine (b.p. 
16.6°), and ethylenediamine (b.p. 116-117°). 

Many reductions with sodium are carried out in boiling alcohols: in meth- 
anol (b.p. 64°), ethanol (b.p. 78°), butanol (b.p. 117-118°), and isoamyl 
alcohol (b.p. 132°), More intensive reductions are achieved at higher tem- 
peratures. For example reduction of naphthalene with sodium in ethanol 
gives 1,4-dihydronaphthalene whereas in boiling isoamyl alcohol tetralin is 
formed. 

Reductions carried out by adding sodium to a compound in boiling alco- 
hols require large excesses of sodium and alcohols. A better procedure is to 
carry out such reductions by adding a stoichiometric quantity of an alcohol 
and the compound in toluene or xylene to a mixture of toluene or xylene and 
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a calculated amount of a dispersion of molten sodium [122, 135\ (p. 152). 
Reductions with sodium can also be accomplished in moist ether [725] and 
other solvents {Procedures 27, 28, pp. 211,212). 

A form of sodium suitable for reductions in aqueous media is sodium 
amalgam. It is easily prepared in concentrations of 2^4% by dissolving sodium 
in mercury {Procedure 29, p. 212). 

Reductions with sodium amalgam are very simple. The amalgam is added 
in small pieces to an aqueous or aqueous alcoholic solution of the compound 
to be reduced contained in a heavy-walled bottle. The contents of the stop- 
pered bottle are shaken energetically until the solid pieces of the sodium 
amalgam change to liquid mercury. After all the sodium amalgam has reac- 
ted the mercury is separated and the aqueous phase is worked up. Sodium 
amalgam generates sodium hydroxide. If the alkalinity of the medium is 
undesirable, an acid or a buffer such as boric acid [136\ must be added to 
keep the pH of the solution in the desirable range. 

Reductions with sodium amalgam are fairly mild. Only easily reducible 
groups and conjugated double bonds are affected. With the availability of 
sodium borohydride the use of sodium amalgam is dwindling even in the field 
of saccharides, where sodium amalgam has been widely used for reduction of 
aldonic acids to aldoses. 



Reductions with Magnesium 

Applications of magnesium are rather limited. Halogen derivatives, especially 
bromides, iodides and imidoyl chlorides, react with magnesium to form 
Grignard reagents that on decomposition with water or dilute acids give 
compounds in which the halogen has been replaced by hydrogen [137, 138]. 
The reduction can also be carried out by the simultaneous action of isopropyl 
alcohol [139] and magnesium activated by iodine. Another specialty of mag- 
nesium is reduction of ketones to pinacols carried out by magnesium amal- 
gam. The amalgam is prepared in situ by adding a solution of mercuric 
chloride in the ketone to magnesium turnings submerged in benzene [140]. 



Reductions with Aluminum 

Reductions with aluminum are carried out almost exclusively with aluminum 
amalgam. This is prepared by immersing strips of a thin aluminum foil in a 
2% aqueous solution of mercuric chloride for 1 5-60 seconds, decanting the 
solution, rinsing the strips with absolute ethanol, then with ether, and cutting 
them with scissors into pieces of approximately 1 cm^ [141, 142]. In aqueous 
and non-polar solvents aluminum amalgam reduces cumulative double bonds 
[143], ketones to pinacols [144], halogen compounds [745], nitro compounds 
[146, 147], azo compounds [148], azides [749], oximes [750] and quinones 
[757], and cleaves sulfones [747, 752, 755] and phenylhydrazones [754] (Pro- 
cedure 30, p. 212). 
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Several reductions have been achieved by dissolving a nickel-aluminum 
alloy containing usually 50% of aluminum in 20-50% aqueous sodium hy- 
droxide in the presence of a reducible compound. Since under such conditions 
elemental hydrogen is generated by dissolution of aluminum, and since Raney 
nickel is formed in this process, such reductions have to be considered cata- 
lytic hydrogenations rather than dissolving metal reductions. Their outcome 
certainly points to the former type. 

Reductions with Zinc 

Zinc has been, and still is, after sodium the most abundantly used metal 
reductant. It is available mainly in form of zinc dust and in a granular form 
referred to as mossy zinc. 

Zinc dust is frequently covered with a thin layer of zinc oxide which 
deactivates its surface and causes induction periods in reactions with com- 
pounds. This disadvantage can be removed by a proper activation of zinc 
dust immediately prior to use. Such an activation can be achieved by a 3-4- 
minute contact with very dilute (0.5-2%) hydrochloric acid followed by 
washing with water, ethanol, acetone and ether [755]. Similar activation is 
carried out in situ by a small amount of anhydrous zinc chloride [156\ or zinc 
bromide [157] in alcohol, ether or tetrahydrofuran. Another way of activating 
zinc dust is by its conversion to a zinc-copper couple by stirring it (180g) 
with a solution of 1 g of copper sulfate pentahydrate in 35 ml of water [755]. 

Mossy zinc is activated by conversion to zinc amalgam by brief immersion 
in a dilute aqueous solution of mercuric chloride and decantation of the 
solution before the reaction proper (40 g of mossy zinc, 4g of mercuric 
chloride, 4 ml of concentrated hydrochloric acid and 40 ml of water [759]). 
This type of activation is especially used in the Clemmensen reduction which 
converts carbonyl groups to methylene groups [160] {Procedure 31, p. 213). 

In the Clemmensen reduction (which does not proceed through a stage of 
an alcohol) the indispensable strong acid protonates the oxygen and 
ultimately causes its elimination as water after a transient formation of an 
unstable organozinc species. It is not impossible that a carbene-like inter- 
mediate is formed which may give (and indeed gives) an alkene [161]. When 
acetophenone is reduced with zinc in deuterium oxide it gives a,a-dideutero- 
ethylbenzene and styrene. If the reduction is carried out with co,co,co-trideu- 
teroacetophenone, a,)?,j?-trideuterostyrene is obtained [162]. 

Reductions with zinc are carried out in aqueous [160] as well as anhydrous 
solvents [163] and at different pHs of the medium. The choice of the reaction 
conditions is very important since entirely different results may be obtained 
under different conditions. While reduction of aromatic nitro groups in alkali 
hydroxides or aqueous ammonia gives hydrazo compounds, reduction in 
aqueous ammonium chloride gives hydroxylamines, and reduction in acidic 
medium amines (p. 73). Of organic solvents the most efficient seem to be 
dimethyl formamide [164] and acetic anhydride [755]. However, alcohols have 
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been used much more frequently. The majority of reductions with zinc are 
carried out in acids: hydrochloric, sulfuric, formic and especially acetic. 
Strongly acidic medium is essential for some reductions such as Clemmensen 
reduction {Procedures 31-33, p. 213). 

Reductions with zinc are usually performed in hot or refluxing solvents, 
and some take many hours to complete. After the reaction is over the residual 
zinc, if any, is filtered off, and the products are isolated in ways depending on 
their chemical nature. If zinc dust has been used care must be taken in 
disposing of it since it may be pyrophoric in the dry state. 

Zinc is used to a limited extent for reductions of double bonds conjugated 
with strongly polar groups, for semireduction of alkynes to (trans) alkenes 
and partial reduction of some aromatics. It is especially suited for reductions 
of carbonyl groups in aldehydes and ketones to methyl or methylene groups, 
respectively. It is also able to reduce carbonyl compounds to alcohols and 
pinacols, is excellent for replacement of halogens by hydrogen, and is, with 
the exception of catalytic hydrogenation, the most versatile reducing agent 
for aromatic nitro compounds and other nitrogen derivatives. 

Reductions with Iron 

Iron was one of the first metals employed for the reduction of organic 
compounds over 130 years ago. It is used in the form of filings. Best results 
are obtained with 80 mesh grain [165\ Although some reductions are carried 
out in dilute or concentrated acetic acid the majority are performed in water 
in the presence of small amounts of hydrochloric acid, acetic acid or salts 
such as ferric chloride, sodium chloride (as little as 1.5-3%) [765], ferrous 
sulfate [766] and others. Under these conditions iron is converted to iron 
oxide, Fe 304 . Methanol or ethanol are used to increase the solubility of the 
organic material in the aqueous medium [766] {Procedure 34, p. 213). 



( 16 ) 

^ RNO 2 + 9 Fe + ^ H 2 O > ^ RNH 2 + FE30i^ 

Iron is occasionally used for the reduction of aldehydes [767], replacement 
of halogens [168, 169], deoxygenation of amine oxides [170] and desulfuriza- 
tions [777, 772] but its principal domain is the reduction of aromatic nitro 
compounds (p. 77). The advantage over other reducing agents lies in the 
possibility of using almost neutral or only a slightly acidic medium and in the 
selectivity of iron which reduces few functions beside nitro groups. 



Reductions with Tin 

Once a favorite reducing agent for the conversion of aromatic nitro com- 
pounds to amines, tin is used nowadays only exceptionally. The reason is 
partly unavailability, the necessity for the use of strongly acidic media, and 
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the fact that most reductions achieved by tin can also be accomplished by 
stannous chloride, which is soluble in aqueous acids and some organic sol- 
vents, Reductions with tin require heating with hydrochloric acid, sometimes 
in the presence of acetic acid or ethanol. 

Tin was used for reduction of acyloins to ketones [173], of enediones to 
diketones [174], of quinones [175] and especially of aromatic nitro compounds 
[176] {Procedure 35, p. 214). 



Reductions with Metal Compounds 

Compared with tin stannous chloride is only one half as efficient since it 
furnishes only two electrons per mole (tin donates four electrons). This 
disadvantage is more than offset by the solubility of stannous chloride in 
water, hydrochloric acid, acetic acid, alcohols and other organic solvents. 
Thus reductions with stannous chloride can be carried out in homogeneous 
media {Procedure 36, p, 214). 

Stannous chloride is used most frequently for the reduction of nitro com- 
pounds [177, 178, 179] and of quinones [180, 181]. It is also suitable for 
conversion of imidoyl chlorides [752] and of nitriles [752] to aldehydes, for 
transformations of diazonium salts to hydrazines [184], for reduction of 
oximes [755], and for deoxygenation of sulfoxides to sulfides [186]. 

Divalent chromium salts show very strong reducing properties. They are 
prepared by reduction of chromium(III) compounds with zinc [757] or a zinc- 
copper couple and form dark blue solutions extremely sensitive to air. Most 
frequently used salts are chromous chloride [755], chromous sulfate [759], 
and less often chromous acetate. Reductions of organic compounds are 
carried out in homogeneous solutions in aqueous methanol [790], acetone 
[797], acetic acid [792], dimethylformamide [792] or tetrahydrofuran [194] 
{Procedure 37, p. 214). 

Divalent chromium reduces triple bonds to double bonds {trans where 
applicable) [795], enediones to diones [196], epoxides to alkenes [792] and 
aromatic nitroso, nitro and azoxy compounds to amines [790], deoxygenates 
amine oxides [797], and replaces halogens by hydrogen [797, 795]. 

Titanous chloride (titanium trichloride) is applied in aqueous solutions, 
sometimes in the presence of solvents increasing the miscibility of organic 
compounds with the aqueous phase [799, 200]. Its applications are reduction 
of nitro compounds [207] and cleavage of nitrogen-nitrogen bonds [202] but 
it is also an excellent reagent for deoxygenation of sulfoxides [202] and amine 
oxides [799] {Procedure 38, p. 214). 

Solutions of low-valence titanium chloride {titanium dichloride) are prepared 
in situ by reduction of solutions of titanium trichloride in tetrahydrofuran or 
1,2-dimethoxy ethane with lithium aluminum hydride [204, 205], with lithium 
or potassium [206], with magnesium [207, 205] or with a zinc-copper couple 
[209, 270]. Such solutions effect hydrogenolysis of halogens [205], deoxygena- 
tion of epoxides [204] and reduction of aldehydes and ketones to alkenes [205, 
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207, 209] (p. 1 12). Applications of titanium chlorides in reductions have been 
reviewed [277] {Procedure 39, p. 215). 

Cerium{III) iodide prepared in situ from an aqueous solution of ceric sulfate 
first by reduction with sulfur dioxide followed by sodium iodide reduced a- 
bromoketones to ketones in 82-96% yields [272], 

Aqueous solutions of vanadous chloride (vanadium dichloride) are prepared 
by reduction of vanadium pentoxide with amalgamated zinc in hydrochloric 
acid [275]. Reductions are carried out in solution in tetrahydrofuran at room 
temperature or under reflux. Vanadium dichloride reduces a-halo ketones to 
ketones [27^, a-diketones to acyloins [275], quinones to hydroquinones [275], 
sulfoxides to sulfides [276] and azides to amines [277] {Procedure 40, p. 215). 

Molybdenum trichloride is generated in situ from molybdenum pentachlor- 
ide and zinc dust in aqueous tetrahydrofuran. It is used for conversion of 
sulfoxides to sulfides [276]. 

Ferrous sulfate is a gentle reducing agent. It is applied in aqueous solutions 
mainly for reduction of aromatic nitro compounds containing other reducible 
functions such as aldehyde groups which remain intact [218]. 

Sodium stannite is one of the reagents suitable for replacement of a diazon- 
ium group in aromatic compounds by hydrogen [279]. 

A special use of sodium arsenite (applied in aqueous alkaline solutions) is 
partial reduction of trigeminal halides to geminal halides [220] and reduction 
of aromatic nitro compounds to azoxy compounds [227]. 

REDUCTIONS WITH NON-METAL COMPOUNDS 
Reductions with Hydrogen Iodide 

Hydrogen iodide (M.W. 127.93, m.p. —55°, b.p. —35.4°, density 5.56), one 
of the oldest reducing agents, is available as a gas but is used mainly in the 
form of its aqueous solution, hydriodic acid. Azeotropic hydriodic acid boils 
at 127°, has a density of 1.70, and contains 57% of hydrogen iodide. So-called 
fuming hydriodic acid is saturated at 0° and has a density of 1.93-1.99. 

Hydrogen iodide dissociates at higher temperatures to iodine and hydro- 
gen, which effects hydrogenations. The reaction is reversible. Its equilibrium 
is shifted in favor of the decomposition by the reaction of hydrogen with 
organic compounds to be reduced but it can also be affected by removal of 
iodine; this can be accomplished by allowing iodine to react with phosphorus 
to form phosphorus triiodide which decomposes in the presence of water to 
phosphorous acid and hydrogen iodide. In this way, by adding phosphorus 
to the reaction mixture hydrogen iodide is recycled and the reducing efficiency 
of hydriodic acid is enhanced [222] {Procedure 47, p. 215). 

Reductions with hydriodic acid are usually accomplished by refluxing 
organic compounds with the azeotropic (57%) acid. Acetic acid is added to 
increase miscibility of the acid with the organic compound. If more energetic 
conditions are needed the heating has to be done in sealed tubes. This 
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technique is necessary when fuming hydriodic acid is employed. At present 
very few such reactions are carried out. 

Milder reductions with hydriodic acid can be accomplished by using more 
dilute hydriodic acid, or solutions of hydrogen iodide prepared from alkaline 
iodides and hydrochloric or acetic acid in organic solvents [223], 

Selective reduction of a-chloro and a-bromo ketones can be achieved by 
treatment with sodium iodide and chlorotrimethylsilane in acetonitrile at 
room temperature [224], 

Hydriodic acid is a reagent of choice for reduction of alcohols [225], some 
phenols [226], some ketones [227, 228], quinones [222], halogen derivatives 
[223, 229], sulfonyl chlorides [230], diazo ketones [231], azides [232], and even 
some carbon-carbon double bonds [233], Under very drastic conditions at 
high temperatures even polynuclear aromatics and carboxylic acids can be 
reduced to saturated hydrocarbons but such reactions are hardly ever used 
nowadays. 

In very reactive halogen derivatives such as a-bromo ketones [234] and a- 
bromothiophene [235] the halogens are replaced by hydrogen with hydrogen 
bromide in acetic acid provided phenol is added to react with the evolved 
bromine and to affect favorably the equilibrium of the reversible reaction. 
Hydrogen bromide in acetic acid also reduces azides to amines [232], 



Reductions with Sulfur Compounds 

Hydrogen sulfide is probably the oldest reducing agent applied in organic 
chemistry, having been used by Wohler in 1838. It is a very toxic gas with a 
foul odor (m.p. — 82.9^ b.p. — 60.r, density 1.19) which is sparingly soluble 
in water (0.5% at 10°, 0.4% at 20°, 0.3% at 30°) and more soluble in anhydrous 
ethanol (1 g in 94.3 ml at 20°) and ether (1 g in 48.5ml at 20°). It is usually 
applied in basic solutions in pyridine [236], in piperidine [237] and most 
frequently in aqueous ammonia [238, 239, 240] where it acts as ammonium 
sulfide or hydrosulfide {Procedure 42, p. 216). 

Similar reducing effects are obtained from alkali sulfides, hydrosulfides and 
poly sulfides [241], A peculiar reaction believed to be due to sodium poly sulfide 
formed in situ by refluxing sulfur in aqueous-ethanolic sodium hydroxide is a 
conversion of p-nitrotoluene to p-aminobenzaldehyde [242]. Oxidation of the 
methyl group by the polysulfide generates hydrogen sulfide which then re- 
duces the nitro group to the amino group. 

The reducing properties of organic compounds of sulfur, such as methyl 
mercaptan, show up in partial reduction of trigeminal to geminal dihalides 
[243], Dimethyl sulfide reduces hydroperoxides to alcohols and ozonides to 
aldehydes while being converted to dimethyl sulfoxide [244], 

The main field of applications of hydrogen and alkali sulfides* is reduction 
of nitrogen functions in nitro compounds [236, 240], nitroso compounds 

• Reduction with hydrogen sulfide and its salts is sometimes referred to as the Zinin reduction 
(Org. Reactions 1973, 20, 455). 
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[245\, azo compounds [241, 246\ and azides [247] (all are reduced to amines). 
Less frequent are reductions of carbonyl groups [237, 248] and sulfonyl 
chlorides (to sulfinic acids) [249]. 

The use of sulfur dioxide as a reductant is very limited, mainly to the 
reduction of quinones to hydroquinones [250]. Sulfur dioxide is a gas of 
pungent odor, soluble in water (17.7% at 0°, 1 1 .9% at 15°, 8.5% at 25°, 6.4% 
at 35°), in ethanol (25%), in methanol (32%), in ether and in chloroform. 

More abundant are reductions with sodium sulfite which is applied in 
aqueous solutions (solubility 24%). Its specialties are reduction of peroxides 
to alcohols [257], of sulfonyl chlorides to sulfinic acids [252], of aromatic 
diazonium compounds to hydrazines [253], and partial reduction of geminal 
polyhalides [254] {Procedure 43, p. 216). 

A very strongly reducing agent is sodium hydrosulfite {hyposulfite, dithionite) 
Na 2 S 204 (M.W. 174.13). Like sulfites it is applied in aqueous solutions. It is 
widely used in the dyestuff industry for reducing vat dyes. In the laboratory 
the main applications are reductions of nitroso compounds [255], nitro com- 
pounds [256, 257], azo compounds [258] and azides to amines [259], and 
conversion of aromatic arsonic and stibonic acids to arseno compounds [260] 
and stibino compounds [261], respectively. Exceptionally, even carbonyl 
groups have been reduced by boiling solutions of sodium hydrosulfite in 
aqueous dioxane or dimethylformamide [262], and a pyrazine ring was con- 
verted to a dihydropyrazine [263] {Procedure 44, p. 216). 



Reductions with Diimide and Hydrazine 

Diimide {diimine, diazene), N 2 H 2 or HN =NH, is an ephemeral species which 
results from decomposition with acids of potassium azodicarboxylate [264, 
265] from thermal decomposition of anthracene-9, 10-diimine [266, 267], and 
of hydrazine [268, 269] and its derivatives [270]. Although this species has not 
been isolated, its transient existence has been proven by mass spectroscopy 
and by its reactions in which it hydrogenates organic compounds with con- 
comitant evolution of nitrogen [277]. 

The reaction of diimide with alkenes is a concerted addition proceeding 
through a six-membered transition state. It results in predominant cis {syn) 
addition of hydrogen and is therefore very useful for stereospecific intro- 
duction of hydrogen onto double bonds. If N 2 D 2 is used deuterium is added 
to the double bond. No hydrogen-deuterium exchange takes place as it 
sometimes does in catalytic hydrogenations [277, 272]. Applications of diim- 
ide are very rare and are mainly limited to hydrogenation of carbon-carbon 
multiple bonds [269, 273, 274] and azo compounds to hydrazo compounds 
[264]. 

Hydrazine (M.W. 32.05, b.p. 1 13.5°, density 1.01 1) is usually available and 
used in the form ofits hydrate (M.W. 50.06, m.p. —51.7°, b.p. 120.1°, density 
1 .032). Its reducing properties are due to its thermal decomposition to hydro- 
gen and nitrogen. Similar decomposition takes place when hydrazine deriva- 
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tives such as hydrazones or hydrazides are heated in the presence of alkali. 
Simple refluxing of hydrazine hydrate with oleic acid caused hydrogenation 
to stearic acid [275], and heating with aromatic hydrocarbons at 160-280° 
effected complete hydrogenation of the aromatic rings [276], It is assumed 
that such hydrogenations are due to the transient formation of diimide, which 
is formed from hydrazine in the presence of air. However, the hydrogenation 
of oleic acid took place even when the air was excluded [275]. 

Hydrazine is a very effective hydrogen donor in the catalytic transfer of 
hydrogen achieved by refluxing compounds to be reduced with hydrazine in 
the presence of Raney nickel [277, 278, 279] (p. 13). 

Most reactions with hydrazine are carried out with aldehydes and ketones 
in the presence of alkali. The reduction proper is preceded by formation of 
hydrazones that decompose in alkaline medium at elevated temperatures to 
nitrogen and compounds in which the carbonyl oxygen has been replaced by 
two hydrogens. The same results are obtained by alkaline-thermal decom- 
position of ready-made hydrazones of the carbonyl compounds. Both re- 
actions are referred to as Wolff-Kizhner reduction [280], 

The original reduction carried out in ethanol required heating in sealed 
tubes. The use of higher boiling solvents (ethylene glycol, di- and triethylene 
glycol) allows the reaction to be carried out in open vessels [281, 282, 283] 
{Huang Minion reduction) {Procedure 45, p. 216). Conversion of carbonyl 
groups to methylene groups can also be achieved by decomposition of semi- 
carbazones. Another important reduction in which hydrazine is implicitly 
involved is the McFadyen-Stevens reduction of acids to aldehydes. The acid 
is converted to its benzenesulfonyl or /?-toluenesulfonyl hydrazide and this is 
decomposed by sodium carbonate at 160° [284, 285], 

Reductions with Phosphorus Compounds 

Both inorganic and organic phosphorus compounds are used relatively infre- 
quently but their reducing properties are sometimes very specific. 

Phosphonium iodide PH 4 I (M.W. 161.93, b.p. 62.5°, density 2.86) is pre- 
pared somewhat tediously from white phosphorus and iodine [286] and was 
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used, together with fuming hydriodic acid, for reduction of a pyrrole ring to 
dihydropyrrole [287\. Its applications are very rare. 

Hypophosphorous acid (M.W. 66.00), usually available as its 50% 

aqueous solution (density 1.274), is a specific reagent for replacement of 
aromatic diazonium groups by hydrogen under very mild conditions (at 0- 
25"") and in fair to good yields [288, 289] {Procedure 46, p. 217). 

Organic derivatives of phosphorus excel by the strong tendency of trivalent 
phosphorus to combine with oxygen or sulfur to form phosphine oxides and 
phosphates or their sulfur analogs. 

Triphenylphosphine PhaP (M.W. 262.29, m.p. 79-81°, b.p. 377°) reacts 
spontaneously with all kinds of organic peroxides in ether, petroleum ether 
or benzene and extracts one atom of oxygen per peroxide bond [290\ It also 
extrudes sulfur and converts thiiranes to alkenes [291], and performs other 
reductions [292]. 

Of trialkyl phosphites the most frequently used is triethyl phosphite (EtO) 3 P 
(M.W. 166.16, b.p. 156°, density 0.969) which combines with sulfur in thiir- 
anes [291, 294] and gives alkenes in respectable yields. In addition, it can 
extrude sulfur from sulfides [295], convert a-diketones to acyloins [296], 
convert a-keto acids to a-hydroxy acids [297], and reduce nitroso compounds 
to hydroxy lamines [298] {Procedure 47, p. 111). 

Strongly reducing properties are also characteristic of diethyl phosphite 
(EtO) 2 PHO (M.W. 138.10, b.p. 50-51°/2mm, density 1,072) which is suitable 
for partial reduction of geminal dihalides [299], of sodium 0,0-diethylphos- 
phoro tellur ate (EtO) 2 PTeONa which replaces halogens by hydrogen in a-halo 
ketones [300] and transforms epoxides to alkenes [293], and of ethyl phosphite 
EtOPH20 which converts sulfinates to disulfides [301]. 

Strong affinity for oxygen and sulfur is also exhibited by phosphines, 
tris{dimethylamino)phosphine and tris{diethylamino)phosphine. The former 
converted a dialdehyde to an epoxide [302], the latter disulfides to sulfides 
[303]. 



Reductions with Organic Compounds 

Reductive properties of alcohols (most frequently ethanol and isopropyl 
alcohol) derive from their relatively easy dehydrogenation to aldehydes or 
ketones. They therefore act as hydrogen donors in catalytic transfer of hydro- 
gen in the presence of catalysts such as Raney nickel [304], In the presence of 
cuprous oxide [305] or under irradiation with ultraviolet light [306] ethanol 
was used for replacement of aromatic diazonium groups by hydrogen (meth- 
anol is unsuitable for this purpose) [289]. Also an aliphatic diazo group was 
replaced by two hydrogens in this way [307]. Isopropyl alcohol is utilized 
for reduction of aldehydes and ketones to alcohols. This can be done either 
under ultraviolet irradiation [308], or much more often in the presence of 
anhydrous basic catalysts such as aluminium isopropoxide (Meerwein-Ponn- 
dorf reduction) [309]. The reduction is a base-catalyzed transfer of hydride 
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ion from isopropoxide ion to the carbonyl function, thus yielding the alkoxide 
ion of the desired alcohol and acetone. By removal of acetone by distillation 
the equilibrium of the reversible reaction is shifted in favor of the reduction 
of the starting carbonyl compound (p. 1 10). The reduction with alcohols is 
very selective and particularly suitable for the preparation of unsaturated 
alcohols from unsaturated carbonyl compounds. Halogens can occasionally 
be replaced by hydrogen [310, 311] {Procedure 48, p. 217). 

A few examples of reduction of organic compounds by aldehydes are 
recorded. Heating of aqueous formaldehyde with ammonium chloride gives 
a mixture of all possible methylamines (Eschweiler reaction) [312]. Aqueous 
formaldehyde was also used for replacement of a diazonium group by hydro- 
gen [289]. p-Tolualdehyde was reduced by treatment with formaldehyde in 
alkaline medium at 60-70° (crossed Cannizzaro reaction) [313]. Salicylalde- 
hyde in alkaline medium reduced aromatic ketones to alcohols [314]. Reduc- 
ing sugars such as glucose were used for the reduction of nitro compounds to 
azo compounds [i7J] and azoxy compounds [316]. 

Formic acid, anhydrous (M.W. 46.03, m.p. 8.5°, b.p. 100.8°, density 1.22), 
or a 90% aqueous solution, is an excellent hydrogen donor in catalytic 
hydrogen transfer carried out by heating in the presence of copper [71] or 
nickel [71]. Also its salt with triethylamine is used for the same purpose in the 
presence of palladium [72, 73]. Conjugated double bonds, triple bonds, aro- 
matic rings and nitro compounds are hydrogenated in this way. 

Reductions with formic acid alone or in the presence of amines are effected 
at temperatures of 130-190°. Under these conditions formic acid reduced 
conjugated double bonds [317], pyridine rings in quaternary pyridinium salts 
to tetrahydro- and hexahydropyridines [318], quinolines to tetrahydroqui- 
nolines [319], and enamines to amines [320]. The most important reduction 
involving formic acid is the Leuckart reaction, achieved by heating of an 
aldehyde or a ketone with ammonium formate or formamide, or formic acid 
in the presence of a primary or secondary amine. The final products are 
primary, secondary or tertiary amines. The Leuckart reduction is an alter- 
native to reductive aminations by hydrogen and gives good yields of amines 
[320, 321, 322] {Procedure 49, p. 218). 

Organic compounds of sulfur and phosphorus are included in the section on 
reduction with sulfur and phosphorus compounds (p. 32, 35). 

Reducing effects of organometallic compounds have been known for a long 
time. Treatment of ketones and acid derivatives with some Grignard reagents, 
especially isopropyl- and /er/-butylmagnesium halides, led sometimes to re- 
duction rather than to addition across the carbonyl function [323, 324]. The 
reduction takes place at the expense of the alkyl group in the Grignard reagent 
which is converted to an alkene. Although not widely used, reductions with 
Grignard reagents often give good to excellent yields {325], 

Similar reductions were effected by heating of triethylaluminum (triethyl- 
alane) in ether with aldehydes and ketones. The alcohols are formed by 
hydrogen transfer from the alkyl groups which are transformed to alkenes. 
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Similar reductions are achieved by trialkylboranes [326]. These reactions, 
although different in nature from the reductions by hydrides and complex 
hydrides, were amongst the first applications of boranes and alanes for the 
reduction of organic compounds. 

The common features of biochemical reductions are very gentle reaction 
conditions, unique regioselectivity and high stereospecificity leading fre- 
quently to optically active compounds. The reductions are accomplished by 
enzymes produced by microorganisms (bacteria, yeasts) in aqueous media at 
temperatures around 30-35°. Most reductions convert carbonyl groups to 
alcoholic groups [527], which is exceedingly useful in the polyfunctional 
compounds such as steroids [328]. Other functions have also been reduced, 
e.g. carbon-carbon double bonds [529, 330] and halogens in halogen com- 
pounds [330] {Procedure 50, p. 218). 




THE REDUCTION OF SPECIFIC TYPES OF ORGANIC 
COMPOUNDS 

REDUCTION OF ALKANES AND CYCLOALKANES 

In general, reduction of alkanes lacks practical importance. Some cycloal- 
kanes give alkanes in catalytic hydrogenation in quantitative yields: cyclopro- 
pane and cyclobutane yielded, respectively, propane and butane over nickel 
at 120° and 200° [332], and cyclopentane was almost quantitatively cleaved to 
pentane over 1 2% platinum on carbon at 300° [333]. The relatively easy fission 
of the cyclopropane ring must be kept in mind in designing reductions 
of functions in compounds containing such rings. In 1, 2-dime thyl-l,2-di- 
phenylcyclopropane the ring was cleaved between carbons 1 and 2 by hydro- 
gen over platinum, palladium or Raney nickel at 25° and 1 atm [334]. 

Disubstituted and especially trisubstituted cyclopropanes were hydrogen- 
olyzed by treatment with trialkylsilanes and trifluoroacetic acid (ionic hydro- 
genation, applicable to compounds forming tertiary carbonium ions) 
1,1,2-Trimethylcyclopropane afforded 2,3-dimethylbutane in 65% yield. The 
reduction is not stereoselective. l-Methylbicyclo[3. 1 .0]hexane gave 83% of cis- 
and 7% of /raw5-dimethylcyclopentane while l-methylbicyclo[4.1.0]heptane 
yielded 10.7% of cis- and 64.3% of /ra« 5 - 1,2-dimethylcyclohexane [335]. 

REDUCTION OF ALKENES AND CYCLOALKENES 

Isolated double bonds in alkenes and cycloalkenes are best reduced by cata- 
lytic hydrogenation. Addition of hydrogen is very easy and takes place at 
room temperature and atmospheric pressure over almost any noble metal 
catalyst, over Raney nickel, and over nickel catalysts prepared in special ways 
such as P-1 nickel [13] or complex catalysts, referred to as Nic [49]. 

The rates of hydrogenation approximately parallel the heats of hydrogen- 
ation [336] and are subject to steric effects. Monosubstituted alkenes are 
reduced faster than di-, tri- and tetrasubstituted ones [14] to such an extent 
that they can be reduced preferentially, especially over a ruthenium catalyst 
[337]. Relative half-hydrogenation times of the hydrogenation of alkenes over 
P-1 nickel boride are illustrative: 1-pentene 1.0, 2-methyl- 1 -butene 1.6; 2- 
methyl-2-butene 16; and 2,3-dimethyl-2-butene 45 [13]. The lengths of the 
chains attached to the double bond carbon and their branching have little 
effect on the rate of hydrogenation [13]; however, if one of the substituents at 
the double bond is a benzene ring the hydrogenation is even faster than that 
of the 1-alkene. The aromatic ring is hydrogenated much more slowly. Rela- 
tive hydrogenation rates of some alkenes and cycloalkenes over nickel on 
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alumina are as follows: styrene 900, 1 -hexene 306, cyclopentene 294, cyclo- 
hexene 150, l-methyl-3-cyclohexene 134, 1 -methyl- 1 -cyclohexene 5, and ben- 
zene 1 [14\. 

Isomerizations may take place over some catalysts more than over others. 
Regio- as well as stereoisomers may be formed [13, 49]. Such side reactions 
are undesirable in the reduction of pro-chiral alkenes, and especially in the 
hydrogenation of some cycloalkenes. 

Reduction of cycloalkenes is as easy as that of alkenes, and again catalytic 
hydrogenation is the method of choice. The rates of hydrogenation are slightly 
lower than those of 1 -alkenes, and are affected by the ring size and by the 
catalyst used. Double bonds in strained cycloalkenes are hydrogenated even 
faster than in 1 -alkenes [338]. Relative half-hydrogenation times in hydrogen- 
ations over W-2 Raney nickel and P-1 nickel boride (in parentheses) are, 
respectively: 1-octene 1.3 (1.0); cyclopentene 2.0 (1.3); cyclohexene 3.5 (2.5); 
cyclooctene 5,3 (2.0); and norbomene about 90% of that of octene [13]. In a 
competitive experiment over a nickel boride catalyst 92% of hydrogen was 
taken up by norbomene and only 8% by cyclopentene [338]. 

The stereochemistry of the products is strongly affected by the catalyst and 
slightly affected by the pressure of hydrogen [339]. Hydrogenation of 1,2- 
dimethylcyclohexene over platinum oxide gave 81.8 and 95.4% of cw-1,2- 
dimethylcyclohexane at 1 atm and 500 atm, respectively. When hydrogenated 
over palladium on charcoal or alumina at 1 atm, 1 ,2-dimethylcyclohexene 
yielded 73% of trans- and 27% of cz5-l,2-dimethylcyclohexene. A increase in 
the pressure of hydrogen on the yields of cis- 1 ,2-dime thylcyclohexane from 
2,3-dimethylcyclohexene and 2-methylmethylenecyclohexene resulted in a 
slight decrease of the ratio of cis to trans isomer [339]. 
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Hydrogenation over Raney nickel was found to be even less stereoselective. 
2-, 3- and 4-methylmethylenecyclohexenes gave different mixtures of cis and 
trans dimethylcyclohexanes depending not only on the structure of the start- 
ing alkene but also on the method of preparation and on the freshness of the 
catalysts. The composition of the stereoisomers ranged from 27-72% cis to 
28-73% trans [340]. 

The stereoselectivity of different catalysts in catalytic hydrogenations is 
discussed in the chapter on catalysts (pp. 4, 50). In addition to catalytic hydro- 
genation, a few other methods of reduction can be used for saturation of 
carbon -carbon double bonds. However, their practical applications are no 
match for catalytic hydrogenation. 

The indirect reduction by boranes consists of two steps: addition of a borane 
across the double bond, and decomposition of the alkylborane by an organic 
acid, usually propionic acid [341]. 

NaBH, (19) 

C4H9CH-CH2 B>3>Et^o ^ C4HgCH2a^BH2 > C4HgCH2CH3 9i% 

^ ^ II 0) + 

0^ CC2H5 0=C-0BH2 

C2H5 

So-called ionic hydrogenation using trialkylsilanes and trifluoroacetic acid 
is applicable mainly to trisubstituted alkenes and cycloalkenes, compo^’^ds 
which form tertiary carbonium ions [555, 342, 343]. Methylcyclohexene was 
converted to methylcyclohexane in yields on heating for 10 hours at 

50° with one equivalent of triethylsilane and two to four equivalents of 
trifluoroacetic acids [555, 342], and 3-methyl-5a-cholest-2-ene was reduced to 
3/?-methyl-5a-cholestane in 66% yield with triethylsilane and trifluoroacetic 
acid in methylene chloride at room temperature [343] {Procedure 23, p. 210). 
The reduction with triethylsilane is not stereoselective. 1, 2-Cyclopen tene gave 
60.5% of cis- and 27.5% of /ra/ 25 - 1,2-cyclopentane, whereas 1 ,2-dimethylcy- 
clohexene afforded 12.4% of cis- and 61.6% of ^ra/?j-l,2-dimethylcyclo hexane 
[555]. Most mono- and disubstituted alkenes do not undergo this reduction. 
Thus the ionic hydrogenation might be a nice complement to catalytic hydro- 
genation, which reduces preferentially the non-substituted double bonds. 
Unfortunately not enough experimental material is yet available to prove the 
usefulness of the ionic method. 

The reduction of an isolated carbon-carbon double bond by other methods 
is exceptional. Occasionally an isolated double bond has been reduced elec- 
trolytically [344] and by dissolving metals. Sodium under special conditions - 
using tert-buty\ alcohol and hexamethylphosphoramide as solvents - reduces 
alkenes and cycloalkenes in 40-100% yields [345]. 3-Methylenecholestane, for 
example, afforded 3-methylcholestane in 74% yield on heating for 2 hours at 
55-57° with lithium in ethylenediamine [346]. 

A compound which can accomplish addition of hydrogen across isolated 
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double bonds is diimide (diazene). A series of cycloalkenes was hydrogenated 
with more or less stereospecificity using disodium azodicarboxylate as a 
source of diimide [347\, This compound is most probably an intermediate 
generated in the reaction of alkenes with hydrazine in the presence of air, 
copper and carbon tetrachloride. 1 -Hexene was thus reduced to hexane in 
38.7% yield [2681 

Reductions of isolated double bonds in alcohols, amines, carbonyl com- 
pounds, acids, etc., are discussed in the appropriate sections. 



REDUCTION OF DIENES AND POLYENES 

The behavior of dienes and polyenes - both open chain and cyclic - toward 
reduction depends especially on the respective positions of the double bonds. 
Carbon-carbon double bonds separated by at least one carbon atom behave 
as independent units and can be partly or completely reduced by catalytic 
hydrogenation or by diimide. cis, trans^ traw5-l,5,9-Cyclododecatriene treated 
with hydrazine and air in the presence of copper sulfate (diimide in situ) gave 
cw-cyclododecene in 51-76% yield [269]. It appears as if the trans double 
bonds were reduced preferentially. 

If the double bonds are structurally different to such an extent that their 
rates of hydrogenation differ considerably they can be reduced selectively. 
Monosubstituted double bonds are saturated in preference to di- and trisub- 
stituted ones [73, 348, 349]. When 2-methyl- 1,5-hexadiene was hydrogenated 
over nickel boride with one mole of hydrogen only the unbranched double 
bond was reduced, giving 95% yield of 2-methyl- 1 -hexene [349], 

The monosubstituted double bond in 4-vinylcyclohexene is hydrogenated 
over P-1 nickel in preference to the disubstituted double bond in the ring, 
giving 98% of 4-ethylcyclohexane [73]. Similarly in limonene the double bond 
in the side chain is reduced while the double bond in the ring is left intact if 
the compound is treated with hydrogen over 5% platinum on carbon at 60° 
and 3.7 atm (yield 97.6%) [348]. 

Under the conditions which cause migration of the double bonds, e.g. 
treatment with sodium and especially potassium, the isolated double bonds 
can become conjugated, and thus they undergo reduction by metals. Some 
macrocyclic cycloalkadienes were reduced (predominently to trans cycloal- 
kenes) by treatment with potassium on alumina in a hydrogen atmosphere 
[350]. 

In systems of conjugated double bonds catalytic hydrogenation usually gives 
a mixture of all possible products. Conjugated dienes and polyenes can be 
reduced by metals: sodium, potassium, or lithium. The reduction is accom- 
plished by 1,4-addition which results in the formation of a product with only 
one double bond and products of coupling and polymerization. Isoprene was 
reduced in 60% yield to 2-methyl-2-butene by sodium in liquid ammonia 
[357]. Reduction of cyclooctatetraene with sodium in liquid ammonia gave a 




Reduction of Alkynes and Cycloalkynes 43 

61% yield of a mixture of 1,3,6- and 1,3,5-cyclooctatriene, the latter being a 
result of isomerization of the initially formed 1,3,6-triene [352]. 

Side reactions can be partly cut down when the reduction by alkali metals 
is carried out in the presence of proton donors such as triphenylmethane, 
fluorene, or secondary amines (7V-alkyanilines). The products of the initial 
1,4-addition are protonated as formed before coupling and polymerization 
start [i5i, 354, 355]. 1,3-Butadiene was reduced with lithium in ether in the 
presence of 7V-ethylaniline to cw-2-butene in 92.5% yield [354], and similarly 
d5,cw-l,3-cyclooctadiene in the presence of A^-methylaniline to, c/^-cyclooc- 
tene in 98% yield [355]. With sodium in liquid ammonia the yields of reduction 
of conjugated dienes were much lower [353]. 

Double bonds conjugated with aromatic rings and with carbonyl, carboxyl, 
nitrile and other functions are readily reduced by catalytic hydrogenation and 
by metals. These reductions are discussed in the appropriate sections: aro- 
matics, unsaturated aldehydes and ketones, unsaturated acids, their deriva- 
tives, etc. 

REDUCTION OF ALKYNES AND CYCLOALKYNES 

Partial reduction of acetylenes (alkynes) gives alkenes; total reduction gives 
alkanes. Total reduction is no problem since it can be easily accomplished by 
catalytic hydrogenation, exceptionally also with diazene. Partial reduction is 
more desirable, especially with internal alkynes, which, depending on the 
reduction method, can be converted either to cis alkenes or trans alkenes. It 
thus provides means for obtaining the particular olefinic stereoisomers. 
Catalytic hydrogenation gives exclusively or at least predominantly cis alkenes, 
reduction with metals and metal salts predominantly trans alkenes. Hydrides 
afford both stereoisomers depending on the nature of the hydride and reaction 
conditions. While reduction with hydrides and metals or metal salts stops 
with negligible exceptions at the stage of alkenes, catalytic hydrogenation 
gives alkenes only under strictly controlled conditions. 

The rates of hydrogenation of the double and triple bond do not differ 
appreciably. With some catalysts the double bond is hydrogenated even 
faster. This explains why it is very difficult to prevent total hydrogenation by 
stopping the reaction after the consumption of just one mole of hydrogen. 

Partial hydrogenation of the triple bond was achieved with catalysts over 
which the rate of hydrogenation decreases after the absorption of the first 
mole of hydrogen: nickel and palladium. 

Hydrogenation using Raney nickel is carried out under mild conditions 
and gives cis alkenes from internal alkynes in yields ranging from 50 to 100% 
[356, 357, 358, 359, 360]. Half hydrogenation of alkynes was also achieved 
over nickel prepared by reduction of nickel acetate with sodium borohydride 
(P-2 nickel, nickel boride) [349, 361, 362] or by reduction with sodium hydride 
[49], or by reduction of nickel bromide with potassium-graphite [363]. Other 
catalysts are palladium on charcoal [364], on barium sulfate [365, 366], on 
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barium carbonate [367], or on calcium carbonate [366], especially if the noble 
metal is partly deactivated by quinoline [368, 369], lead acetate [36] or 
potassium hydroxide [370], The most popular catalyst is palladium on calcium 
carbonate deactivated by lead acetate {Lindlar*s catalyst) [36], However, some 
of the above catalysts are claimed to be better. Palladium on carbon has also 
been used for semihydrogenation of acetylenes using trimethylammonium 
formate in lieu of hydrogen [72], With terminal alkynes where no stereo- 
isomeric products are formed, reduction with sodium in liquid ammonia 
gives alkenes of higher purity than catalytic hydrogenation [360], Reduction 
of alkynes by lithium aluminum hydride in tetrahydrofuran or its mixture with 
diglyme gave high yields of trans isomers [371], When toluene was used as the 
solvent, 2-pentyne yielded 97.6% of pentane at 125°. This rather exceptional 
total reduction of alkyne to alkane was probably due to the presence of 
hydrogen resulting from the decomposition of the hydride at 125° in the 
autoclave. Lithium aluminum hydride was proven earlier to be a catalyst for 
hydrogenation of alkenes and alkynes with elemental hydrogen [372], 

Lithium methyldiisobutylaluminum hydride prepared in situ from diisobu- 
tylalane and methyllithium reduced 3-hexyne to pure trans-3-hc\cnc in 88% 
yield [373], On the other hand, diisobutylalane gave 90% yield of cw-3-hexene 
[373, 374], Deuterodiborane prepared in situ from lithium aluminum deuter- 
ide and boron trifluoride etherate was used for converting cyclodecyne to 
cw-l,2-dideuterocyclodecene [375] (43% yield, 81% purity). Borane and disi- 
amylborane (di-5^c-amylborane) gave, respectively, 68-80% and 90% of high 
purity cw-3-hexene [376], 
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Another hydride, magnesium hydride prepared in situ from lithium alu- 
minum hydride and diethylmagnesium, reduced terminal alkynes to 1 -alkenes 
in 78-98% yields in the presence of cuprous iodide or cuprous rer^-butoxide, 
and 2-hexyne to pure cw-2-hexene in 80-81% yields [111\ Reduction of 
alkynes by lithium aluminum hydride in the presence of transition metals 
gave alkenes with small amounts of alkanes. Internal acetylenes were reduced 
predominantly but not exclusively to cis alkenes [377, 378], 
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Alkynes can be reduced electrolytically. Internal alkynes gave 65-80% 
yields of cis alkenes when electrolysed in 10% sulfuric acid in ethanol at 
spongy nickel cathode [127], or predominantly trans alkenes if the electrolysis 
was carried out in a methylamine solution of lithium chloride. The yields of 
the alkenes and the ratios of trans to cis alkenes varied depending on whether 
the electrolysis was carried out in divided or undivided cells (yields 24-80%, 
composition of product 89-99% of trans alkene) [379]. 

A universal method for conversion of internal alkynes to alkenes is reduc- 
tion with alkali metals in liquid ammonia. Open-chain acetylenes were re- 
duced in high yields to trans alkenes with sodium [360] or lithium [380]. trans 
Cycloalkenes were obtained by sodium reduction of cycloalkynes in 14-mem- 
bered rings [126, 381]. Cycloalkynes with smaller rings do not show such 
clean-cut stereochemistry. Although cyclononyne gave, on reduction with 
sodium in liquid ammonia, 63.5% of pure /ra/i^-cyclononene [382] the stereo- 
chemistry of reductions of cyclodecyne, tetramethylcyclodecyne and cyclo- 
dodecyne is very complex and the outcome is strongly affected by the size of 
the ring and by reaction conditions [126, 381]. The ratios of cis to trans 
cycloalkenes depend strongly on the metal used. Lithium gave 91% of trans- 
and 9% of cw-cyclodecene while sodium and potassium afforded practically 
pure cw-cyclodecene [55/]. Cyclododecyne was reduced by both metals pre- 
dominantly to /ra«.s-cyclododecene. Sodium in liquid ammonia yielded a 
mixture containing 81% of trans- and 19% of cw-cyclododecene [381] whereas 
lithium gave 95.5% of trans- and 4.5% of cw-cyclododecyne. The reductions 
are also influenced by the presence of a proton donor such as ethanol which 
favors direct cis reduction. In the absence of ethanol in liquid ammonia the 
formation of cis isomer is probably a result of reduction of a cumulene 
produced by isomerization of the acetylene by sodium amide [126, 381]. The 
high content of the cis isomer in the reduction of cyclodecyne is hard to 
understand, especially since cyclononyne gave pure /ran^-cyclononene [382]. 

Simple acetylenes, i.e. those in which the triple bond is not conjugated with 
an aromatic ring, carbonyl or carboxyl functions, are not reduced by sodium 
in amyl alcohol, or by zinc [360]. Conjugation, however, changes the reduci- 
bility of the triple bond dramatically {vide infra). 

In acetylenes containing double bonds the triple bond was selectively reduced 
by controlled treatment with hydrogen over special catalysts such as palla- 
dium deactivated with quinoline [368] or lead acetate [36], or with triethylam- 
monium formate in the presence of palladium [72]. 1-Ethynylcyclohexene was 
hydrogenated to 1-vinylcyclohexene over a special nickel catalyst (Nic) in 
84% isolated yield [49]. 

Stereoselective reductions can be further accomplished by reagents which 
usually do not reduce double bonds (unless conjugated with carbonyl or 
carboxyl functions): lithium aluminum hydride [383] or zinc [384]. 

Diacetylenes having an internal and a terminal triple bond can be reduced 
selectively at the internal triple bond if they are first converted to sodium 
acetylides at the terminal bond by sodamide prepared in situ from sodium in 
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liquid ammonia. Undeca-l,7-diyne was in this way converted to trans-1- 
undecene-l-yne in 75% yield [555]. 

Complete reduction of alkynes to alkanes is easily accomplished by catalytic 
hydrogenation, especially using palladium [556, 557], platinum oxide and 
active nickel catalysts [55P]. 

If the triple bond is conjugated with an aromatic ring or with carbonyl 
groups complete reduction can be achieved with reagents which are capable 
of reducing conjugated double bonds (p. 42). 

Reduction of triple bonds in compounds containing aromatic rings and 
functional groups is dealt with in the appropriate sections. 

REDUCTION OF CARBOCYCLIC AROMATICS 

Reduction of carbocyclic aromatics is generally more difficult than that of 
alkenes, dienes and alkynes. Any reduction destroys resonance-stabilized 
systems and consequently has to overcome resonance energy. The heat of 
hydrogenation of the cw-disubstituted carbon-carbon double bond in cis-2- 
butene is 28.6 kcal. Since the resonance energy of benzene is 36 kcal, uptake 
of two hydrogen atoms is an endothermic reaction. In partial hydrogenation 
of naphthalene, whose resonance energy is 61 kcal, destruction of one aro- 
matic ring means loss of resonance energy of only 25 kcal (61 — 36), Reduc- 
tion of the 9,10-double bonds in anthracene and phenanthrene is accom- 
panied by losses of resonance energy of only 12 and 20 kcal, respectively. In 
accordance with the energetics the reduction of naphthalene is easier than 
that of benzene, and reduction of anthracene and phenanthrene in turn easier 
than that of naphthalene. The trend is noticeable in the increasing ease of 
reduction of the four above aromatics, be it by catalytic hydrogenation, by 
reduction with metals, or by reduction with other compounds. 

The catalytic hydrogenation of benzene and its homologs is more difficult 
than that of unsaturated aliphatic hydrocarbons, and more difficult than that 
of carbonyl functions, nitriles, halogen compounds, nitro compounds and 
others. It is therefore possible to hydrogenate the above functions preferen- 
tially. Rates of hydrogenation of benzene homologs decrease with increasing 
numbers of substituents [14\. If the relative rate of hydrogenation of benzene 
over nickel on alumina equals 1, the rates of hydrogenation of its homologs 
are: for toluene 0.4, xylene 0.22, trimethylbenzene 0.1, tetramethylbenzene 
0.04, pen tamethyl benzene 0.005, and hexamethylbenzene 0.001 [14]. 

Hydrogenation of benzene and its homologs at room temperature and 
atmospheric or slightly elevated pressure (2-3 atm) requires very active cata- 
lysts: platinum oxide, noble metals, and possibly very active Raney nickel. 
Excellent results were obtained by hydrogenation using Adams' catalyst (plati- 
num dioxide) [555, 3S9]. Benzene and its homologs were completely hydro- 
genated in 2-26 hours using 0.2 g of the catalyst per 0.2 mol of the aromatic 
compound, acetic acid as the solvent, temperatures of 25-30°, and hydrogen 
pressures of 2-3 atm [555]. (Procedure 7, p. 201.) Under high pressure (215 
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atm) such hydrogenations were completed within 12-30 minutes [<^]. Even 
better results were obtained using rhodium-platinum oxides prepared by fu- 
sion of rhodium chloride and chloroplatinic acid (or ammonium chloropla- 
tinate) in 3 : 1 ratio with sodium nitrate in the manner used for the preparation 
of platinum dioxide (p. 5). Hydrogenations of aromatics over this catalyst 
took place at 24-26° and at atmospheric pressure at times considerably 
shorter than with platinum dioxide alone [3<^]. 

( 21 ) 

[388] H 2 /PCO 2 , AcOH, 25-30% 2-3 atm, 195 min 

/ \ 

[5 I H,/Pt0„, AcOH, 25", 215 atm, 12 min 

C5H5CH3 • > 

\ l35] H2/Rh02*Pt02, AcOH, 24-26% 1 atm, IIP min ^ 



Hydrogenation over rhodium (5% on alumina) in acetic acid at room 
temperature and 3-4 atm of hydrogen was successfully used for reduction of 
benzene rings in compounds containing functions which would be hydrogen- 
olyzed over platinum or palladium catalyst [390\ Palladium at low tempera- 
ture usually does not reduce benzene rings and is therefore suited for hydro- 
genolysis of benzyl derivatives (pp. 150, 151). 

Specially prepared highly active Raney nickel (W-6) can also be used for 
hydrogenation of some benzene homologs under the same mild conditions 
that are used with noble metals [45], In diphenyl selective hydrogenation of 
one benzene ring is possible. 

Hydrogenation of benzene and its homologs over other nickel catalysts 
requires higher temperatures ( 1 70- 1 80°) and/or higher pressures [43, 48, 391], 

Copper chromite (Adkins’ catalyst) does not catalyze hydrogenation of 
benzene rings. 

Stereochemistry of catalytic hydrogenation of benzene homologs is some- 
what controversional. The old simplistic view that platinum, palladium and 
osmium favor cis products whereas nickel favors trans products, and that cis 
products rearrange to trans products when heated with nickel at higher 
temperatures (175-180°) [397] has had to be modified as a result of later 
observations. Treatment for 1 hour of c/5-1,2-, c/5-1,3-, and c/ 5 - 1,4-dimethyl- 
cyclohexane over platinum oxide at 85° and 84 atm gave only up to 3%, and 
over Raney nickel at 200° and 84 atm only up to 4% of the corresponding 
trans isomers [9]. Hydrogenation using platinum oxide over a 35-85° tem- 
perature range up to 8.4 atm pressure gave up to 15.6% of transA,!-, up to 
19% of trans-\,3~, and up to 33.4% of /ra//5-l,4-dimethylcyclohexane from 
0 -, m-, and p-xylene, respectively. The corresponding contents of the trans 
isomers after treatment of the three xylenes over Raney nickel at 198-200° at 
8.6 atm were: 11%, 21%, and 5% respectively (less than over platinum!) [9]. 
Other authors found that increase in hydrogen pressure from 0.5 to 300 atm 
increased the amounts of cis isomers from 88% to 93% for c/5-1,2-, from 77% 
to 85% for c/5-1,3-, and from 70% to 82% for c/5- 1,4-dimethylcyclohexane 
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over platinum oxide at 25° [10], Above all, the ratios of cis to trans product 
depend also on the groups linked to the benzene ring [P, 10]. 

Whereas catalytic hydrogenation always converts benzene and its homo- 
logs to cyclohexane derivatives, electrolysis using platinum electrodes and 
lithium chloride in anhydrous methylamine yields partially hydrogenated 
products. When the electrolytic cell was undivided, the products were 1,4- 
cyclohexadiene and its homologs. When the cell was divided by an asbestos 
diaphragm, cyclohexene and its homologs were obtained in high purities and 
yields ranging from 44% to 85% [729, 132] {Procedure 25, p. 210). 

Benzene and its homologs can be converted to the corresponding cyclo- 
hexadienes and cyclohexenes, and even cyclohexanes, by treatment with dis- 
solving metals: lithium, sodium, potassium or calcium in liquid ammonia or 
amines. Conversions are not complete, and the ratio of cyclohexadienes to 
cyclohexenes depends on the metal used, on the solvent, and on the presence 
of hydrogen donors (alcohols) added to the ammonia or amine [392, 393, 
394]. 

Addition of benzene in methanol to an excess (25-100%) of sodium in 
liquid ammonia afforded 84-88% yields of 1,4-cyclohexadiene [392]. o-Xylene 
under the same conditions gave 70%-92% yield of 1,2-dimethyl- 1,4-cyclo- 
hexadiene [392, 395]. Lithium in neat ammonia at 60° gave 91% of 1,4-cyclo- 
hexadiene and 9% of cyclohexene (conversion 58.4%), while calcium under 
the same conditions yielded 21% of cyclohexadienes and 79% of cyclohexene 
in conversions of 13-60% [393]. If benzene dissolved in ether was added to 
the compound Ca(NH 3 )g, preformed by dissolving calcium in liquid am- 
monia and evaporating ammonia, a 75% conversion to pure cyclohexene was 
achieved [394]. 

Similar results were achieved when benzene was reduced with alkali metals 
in anhydrous methylamine at temperatures of 26-100°. Best yields of cyclo- 
hexene (up to 77.4%) were obtained with lithium at 85° [396]. Ethylamine [397] 
and especially ethylenediamine are even better solvents [398]. Benzene was 
reduced to cyclohexene and a small amount of cyclohexane [397, 398]; ethyl- 
benzene treated with lithium in ethylamine at —78° gave 75% of 1-ethyl- 
cyclohexene whereas at 17° a mixture of 45% of 1-ethylcyclohexene and 55% 
of ethylcyclohexane was obtained [397]. Xylenes (m- and p-) yielded non- 
conjugated 2,5-dihydro derivatives, l,3-dimethyl-3,6-cyclohexadiene and 
1,4-dimethyl- 1,4-cyclohexadiene, respectively, on reduction with sodium in 
liquid ammonia in the presence of ethanol (in poor yields) [399]. Reduction 
of diphenyl with sodium or calcium in liquid ammonia at —70° afforded 
mainly 1-phenylcyclohexene [400] whereas with sodium in ammonia at 120- 
125° mainly phenylcyclo hexane [393] was formed. 

Dissolving metal reductions of the benzene rings are especially important 
with functional derivatives of benzene such as phenols, phenol ethers and 
carboxylic acids (pp. 80, 82, 93 and 140). 

It is of interest to mention reduction of benzene and its homologs to the 
corresponding hexahydro derivatives by heating with anhydrous hydrazine. 
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Best yields were obtained with mesitylene (92%). However, this reaction is 
not very attractive since it requires heating in autoclaves at 250° [276]. 

Aromatic hydrocarbons with side chains containing double bonds can be 
easily reduced by catalytic hydrogenation regardless of whether the bonds are 
isolated or conjugated. Double bonds are saturated before the aromatic ring 
is reduced. Hydrogenation of styrene to ethylbenzene is one of the fastest 
catalytic hydrogenations [14], 

Saturation of double bonds can also be achieved by catalytic transfer of 
hydrogen [74, 76], Styrene was quantitatively reduced to ethylbenzene by 
1 ,4-cyclohexadiene in the presence of iodine under ultraviolet irradiation [76], 
and /rani'-stilbene to 1 ,2-diphenylethane in 90% yield by refluxing for 46 
hours with cyclohexene in the presence of palladium on charcoal [74], 

Double bonds conjugated with benzene rings are reduced electrolytically 
[344] (p. 23). Where applicable, stereochemistry can be influenced by using 
either catalytic hydrogenation or dissolving metal reduction [401] (p. 24). 
Indene was converted to indane by sodium in liquid ammonia in 85% yield 
[402] and acenaphthylene to acenaphthene in 85% yield by reduction with 
lithium aluminum hydride in carbitol at 100° [403], Since the benzene ring is 
not inert toward alkali metals, nuclear reduction may accompany reduction 
of the double bond. Styrene treated with lithium in methylamine afforded 25% 
of 1-ethylcyclo hexene and 18% of ethylcyclo hexane [404], 

Aluminum amalgam in wet tetrahydrofuran reduced cumulene 1, 1,4,4- 
tetraphenylbutatriene to 1, 1, 4, 4-buta- 1,2-diene, which on hydrogenation 
over Raney nickel was converted to 1,1,4,4-tetraphenylbutane [143], 
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Triple bonds in side chains of aromatics can be reduced to double bonds or 
completely saturated. The outcome of such reductions depends on the struc- 
ture of the acetylene and on the method of reduction. If the triple bond is not 
conjugated with the benzene ring it can be handled in the same way as in 
aliphatic acetylenes. In addition, electrochemical reduction in a solution of 
lithium chloride in methylamine has been used for partial reduction to alkenes 
{trans isomers, where applicable) in 40-51% yields (with 2,5-dihydroaromatic 
alkenes as by-products) [379], Aromatic acetylenes with triple bonds conju- 
gated with benzene rings can be hydrogenated over Raney nickel to cis olefins 
[356], or to alkyl aromatics over rhenium sulfide catalyst [54], Electroreduc- 
tion in methylamine containing lithium chloride gives 80% yields of alkyl 
aromatics [379], 

Reduction of diphenylacetylene with sodium in methanol or with zinc 
yielded stilbene, whilst reduction with sodium in ethanol gave 1,2-diphenyl- 
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ethane. Unfortunately the yields are not reported. Reduction to 1,2-diphen- 
ylethane was accomplished with hydrogen [387\ and with diimide in 80% yield 
[27 3\ An excellent reagent for partial trans reduction of acetylenes, chromous 
sulfate, converted phenylacetylene to styrene in 89% yield [195]. 





PhC-CPh > 


PhCH=CHPh + 


PHCH2CH2PH 


[8S9] 


H 2 , Raney Ni, MeOH, 4 acm 


87% (cis) 




\Z87] 


Pd, AcOH, 25° 




99.3% 


[379] 


electro, LiCl, MeNH 2 


2% (trans) 


78% 


[273] 


N2H^, O 2 , Cu 




80% 



Condensed aromatic hydrocarbons are reduced much more easily than those 
of the benzene series, both catalytically and by dissolving metals. 

Depending on the catalysts, catalytic hydrogenation converts naphthalene 
to tetrahydronaphthalene (tetralin), or cis~ or /ra«5-decalin (decahydro- 
naphthalene) [5, 405, 406, 407]. Tetrahydronaphthalene was converted to 
cw-decalin by hydrogenation over platinum oxide [8]. 




[405] H 2 /CuCr 20 ^, 200°, 150-200 atm 80% 

[ 8 1 H2/Pt02,Ac0H,25° ,130 atm 

[406] H^/Pt 

[406] H^/Ni, 160-162° 



71 % 

75% 

22 % 




21 % 

25% 

78% 



Dissolving metals reduce naphthalene to a host of products depending on 
the reaction conditions. Heating naphthalene with sodium to 140-145° [408] 
or treating naphthalene with sodium in liquid ammonia at temperatures 
below —60° gives 1,4-dihydronaphthalene, which slowly rearranges to 1,2- 
dihydronaphthalene [400]. Since the latter has the double bond conjugated 
with the remaining benzene ring it is reduced to 1,2,3,4-tetrahydronaphthal- 
ene [400]. This is also the final product when the reduction is carried out with 
enough sodium in liquid ammonia at — 33° [400]. In the presence of alcohols, 
sodium in liquid ammonia reduced naphthalene [409, 410] and 1,4-dihydro- 
naphthalene to 1,4,5,8-tetrahydronaphthalene [410]. 

Lithium in ethylamine converted naphthalene to a mixture of 80% 
of 1,2,3,4,5,6,7,8-octahydronaphthalene ( A^’ ^^-octalin) and 20% of 
1,2,3,4,5,6,7,10-octahydronaphthalene [411]. Potassium in methylamine re- 
duced tetralin to -octalin in 95% yield [396] while sodium in ammonia 
and methanol yielded 98% of 1,2,3,4,5,8,-hexahydronaphthalene [412]. Lith- 
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Na.C^H^j^OH.reflux ( 25 ) 




ium in ethylenediamine reduced tetralin to of -octalin and 18.5% 
of trans-dccalin [398]. 

Reduction of naphthols, naphthyl ethers, naphthylamines and naphthoic 
acids are discussed on pp. 80, 82, 93 and 140, respectively. 

Acenaphthylene heated with lithium aluminum hydride in carbitol at 120° 
gave 97% yield of acenaphthene [403]. Anthracene is reduced very easily to 
the 9,10-dihydro compound by catalytic hydrogenation [78] and by sodium 

[413] . Further reduction is achieved by catalytic hydrogenation using different 
catalysts and reaction conditions [78, 407] and by lithium in ethylenediamine 

[414] . 

( 26 ) 




7 % 
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Phenanthrene is converted to partially and totally reduced phenanthrene 
by catalytic hydrogenation [475, 416, 417]. Partial reduction to 1,2,3,4-tetra- 
hydrophenanthrene can also be achieved by sodium [418]. 

REDUCTION OF HETEROCYCLIC AROMATICS 

Reduction of furan and its homologs is readily achieved by catalytic hydro- 
genation using palladium [479], nickel [420] or Raney nickel [427] as catalysts. 
Too energetic conditions are to be avoided since hydrogenated furan rings 
are easily hydrogenolyzed [422, 423]. 



~\ 

90 - 93 % 

93 % 

/ 



o 



[ 421 ] 



[ 419 ] ^ 



Benzofuran was reduced over Raney nickel at 90° and 85 atm to 2,3- 
dihydrobenzofuran, at 190° and 119 atm to octahydrobenzofuran, and 
further hydrogenation over copper chromite at 200-300° caused hydrogeno- 
lysis to 2-ethylcyclohexanol [422]. 

3,4-Dihydrobenzopyran (chromane) and its methyl homologs were reduced 
by lithium in ethylamine and dimethylamine to 3,4,5,6,7,8-hexahydrobenzo- 
pyrans in 84.5% yields [424]. 

Catalytic hydrogenation of thiophene poses a problem since noble metal 
catalysts are poisoned, and Raney nickel causes desulfurization. Best catalysts 
proved to be cobalt polysulfide [425], dicobalt octacarbonyl [42(5], rhenium 
heptasulfide [53] and rhenium heptaselenide [54]. The last two require high 
temperatures (230-260°, 250°) and high pressures (140, 322 atm) and give 
70% and 100% of tetrahydro thiophene (thiophane, thiolene), respectively. 

Similar procedures to those used for the catalytic hydrogenation of furan 
and thiophene can usually be applied to the functional derivatives of these 
heterocycles. 

Pyrrole and its homologs can be reduced completely or partially. Complete 
reduction is best achieved by catalytic hydrogenation. Pyrrole itself was hy- 
drogenated with difficulty, and not in high yields, over platinum [427], nickel 
[43], Raney nickel or copper chromite [428]. Over Raney nickel at 180° and 
200-300 atm only 47% yield of pyrrolidine was obtained with 48% of the 
pyrrole unreacted. On the other hand, pyrrole homologs and derivatives are 
readily hydrogenated and give better yields, especially if the substituents are 
attached to nitrogen [428, 429, 430]. 1 -Methyl- and 1-butylpyrrole hydrogen- 
ated over platinum oxide gave high yields of the corresponding A^-alkyl 
pyrrolidines [427]. 2,5-Dimethylpyrrole in acetic acid over rhodium at 60° 
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and 3 atm afforded 70% of cw-2,5-dimethylpyrrolidine [431], and 2-butylpyr- 
role in acetic acid over platinum oxide at room temperature and 3 atm gave 
94% of 2-butylpyrrolidine [429]. 1-Phenylpyrrole was hydrogenated over 
Raney nickel at 135° and 200-300 atm to 63% of 1-phenylpyrrolidine and 
30% of 1-cyclohexylpyrrolidine [428] and 2-phenylpyrrole gave, over Raney 
nickel at 165° and 250-300 atm, 15% of 2-phenylpyrrolidine and 27% of 2- 
cyclohexylpyrrolidine whereas, over copper chromite at 200°, it gave a 55% 
yield of 2-phenylpyrrolidine [430]. Some pyrrole derivatives may be hydro- 
genated over platinum oxide at room temperature [432] (p. 113), others over 
Raney nickel at 50- 1 80° and 200-300 atm in yields of up to 98% [428]. Copper 
chromite as the catalyst is inferior to Raney nickel since it requires tempera- 
tures of 200-250° [428]. 

( 29 ) 




(recovered) 



[4Z0] H^/Raney Ni 

165\250-300 atm 40% 15% 

200“, 250-300 atm 
[4Z0] H^/CuCr^O^ 

200“, 250-300 atm 20% 55% 

Partial and total reduction of A^-methylpyrrole was achieved with zinc 
[433], and of a pyrrole derivative to a dihydropyrrole derivative with phos- 
phonium iodide [287] (p. 34, 35). The pyrrole ring is not reduced by sodium. 

Pyrrole derivatives having double bonds in the side chains are first reduced 
at the double bonds and then in the pyrrole ring. 2-(2-Butenyl)pyrrole gave 
88% yield of 2-butylpyrrole over platinum oxide in ether; further hydrogen- 
ation in acetic acid gave a 94% yield of 2-butylpyrrolidine [429]. 

Reduction of the pyrrole ring in benzopyrrole (indole) is discussed on p. 56 
[430]. 

Pyridine and its homologs can be reduced completely to hexahydro deri- 
vatives, or partially to dihydro- and tetrahydropyridines. Catalytic hydrogen- 
ation is faster than with the corresponding benzene derivatives and gives only 
completely hydrogenated products. Partial reduction can be achieved by 
different methods (pp. 55, 56). 

Hydrogenation of the pyridine ring takes place under very mild conditions 
using palladium [434], platinum oxide [434, 435] or rhodium [431, 434, 436]. 
With these metals the reaction must be carried out in acidic media, best in 
acetic acid, since the hydrogenated products are strong bases which deactivate 
the catalysts. Hydrogenation over Raney nickel [437] and copper chromite 
[561] requires high temperatures and high pressures. Use of alcohols as solvents 
for these hydrogenations should be avoided because alkylation on nitrogen 
could occur. A catalyst which does not require acidic medium and which can 
be used in the presence of alcohols is ruthenium dioxide [438]. A thorough 



27% 

69% 
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treatment of catalytic hydrogenation of pyridine is published in Advances in 
Catalysis [439], 



[ 50 1 
I'Ur?] 
[ 45S] 



H 

CuCr~0, , 220“, 100-150 atm 50% 
2 4’ 

Raney Ni, 200“, 130-300 atm 83% 
RUO 2 , 95“ , 70-100 atm 100% 





(30) 



Lithium aluminum hydride dissolves in pyridine and forms lithium 
tetrakis-(A^-dihydropyridyl)aluminate which itself is a reducing agent for 
purely aromatic ketones [440, 441], 

The total and partial reduction of pyridine and its homologs and derivatives 
was achieved by electroreduction and by reduction with sodium in alcohols. 
Both methods give mixtures of tetrahydropyridines and hexahydropyridines. 
The heteropolar bonds are more receptive to electrons than the carbon- 
carbon bonds. Consequently the reduction initially gives 1,2-dihydro- and 
1,4-dihydropyridines, These rearrange according to the scheme shown below. 
The 1,2-dihydro intermediate is further reduced to 1,2,3,6-tetrahydro and 
1,2,5,6-tetrahydro products (identical if the starting pyridine compound is 
symmetrical). The 1,4-dihydro intermediate rearranges to the 3,4-dihydro 
compound which, on further reduction, gives a 1,2,3,4-tetrahydro derivative; 
this undergoes an internal enamine-imine shift and is ultimately reduced to 
the hexahydropyridine product. Both tetrahydro derivatives contain carbon- 
carbon double bonds insulated from the nitrogen and do not undergo further 
reduction to piperidines. 
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Reductions of this type were applied to pyridine [442\ alkyl pyridines and 
to many pyridine derivatives: alcohols [44 3\ aldehydes [44 ketones [443] 
and acids [444], In compounds containing both pyridine and benzene rings 
sodium exclusively reduces the pyridine ring [445], Pyridine was not reduced 
by zinc and other similar metals. 

The pyridine ring is easily reduced in the form of its quaternary salts to give 
hexahydro derivatives by catalytic hydrogenation [446], and to tetrahydro 
and hexahydro derivatives by reduction with alane {aluminum hydride) [447], 
sodium aluminum hydride [448], sodium bis{2-methoxyethoxy)aluminum hy- 
dride [448], sodium borohydride [447], potassium borohydride [449], sodium in 
ethanol [444, 450], and formic acid Reductions with hydrides give 

predominantly 1,2,5,6-tetrahydro derivatives while electroreduction and re- 
duction with formic acid give more hexahydro derivatives [451, 452], 
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Double bonds in alkenyl pyridines may be hydrogenated under mild condi- 
tions (Raney nickel at room temperature) to give alkyl pyridines [450], If the 
double bond is conjugated with the pyridine ring sodium in alcohol will reduce 
both the double bond and the pyridine ring in good yields [450], 

In pyridylpyrrole derivatives the pyridine ring was hydrogenated prefer- 
entially, giving piperidylpyrroles, which were further hydrogenated to piper- 
idylpyrrolidines over platinum oxide in acetic acid at room temperature and 
2 atm [453], 

The A^-methylpyrrole ring in nicotyrine— l-methyl-2-(3'-pyridyl)pyrrole“ 
was reduced to nicotine both by catalytic hydrogenation [454] and by zinc 
[^55] in 40% and 12% yield, respectively. 

The double bond in indole and its homologs and derivatives is reduced 
easily and selectively by catalytic hydrogenation over platinum oxide in 
ethanol and fluoroboric acid [456], by sodium borohydride [457], by sodium 
cyanoborohydride [457], by borane [458, 459], by sodium in ammonia [460], by 
lithium [461] and by zinc [462], Reduction with sodium borohydride in acetic 
acid can result in alkylation on nitrogen giving A^-ethylindoline [457], 
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BH^'C^HsN.AcOH 
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3 ^ 
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Catalytic hydrogenation may selectively reduce the double bond, or reduce 
the aromatic ring as well depending on the reaction conditions used [430, 463, 
464\. Only exceptionally has the benzene ring been hydrogenated in preference 
to the pyrrole ring [463, 465]. 




In indole’s isomer pyrrocoline (l-azabicyclo[4,3,0]nonatetraene) catalytic 
hydrogenation over palladium in acidic medium reduced the pyrrole ring 
[466], in neutral medium the pyridine ring [467]. 

( 35 ) 




Carbazoles^ too, can be reduced partially to dihydrocarbazoles by sodium 
in liquid ammonia [460], or to tetrahydrocarbazoles by sodium in liquid 
ammonia and ethanol [460] or by sodium borohydride [457]. Carbazole was 
converted by catalytic hydrogenation over Raney nickel or copper chromite 
to 1,2,3,4-tetrahydrocarbazole, 1,2,3,4,10,11-hexahydrocarbazole, and do- 
decahydrocarbazole in good yields [430]. 

In quinoline and its homologs and derivatives it is usually the pyridine ring 
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which is reduced first. Sodium in liquid ammonia converted quinoline to 1,2- 
dihydroquinoline [468]. 1,2,3,4-Tetrahydroquinoline was obtained by cata- 
lytic hydrogenation (yield 88%) [43, 469] and by reduction with borane [459] 
and sodium cyanoborohydride [470\ 5,6,7, 8-tetrahydroquinoline by hydro- 
genation over platinum oxide or 5% palladium or rhodium on carbon in 
trifluoroacetic acid (yields 69-84%) [471]. Vigorous hydrogenation gave cis- 
and /ra/25-decahydroquinoline [43, 469]. 
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Quinoline homologs and derivatives, including those with double bonds in 
the side chains, were reduced selectively by catalytic hydrogenation over 
platinum oxide (side chain double bonds), and to dihydro- and tetrahydro- 
quinolines by sodium in butanol, by zinc and formic acid, and by triethylam- 
monium formate [319, 472]. Catalytic hydrogenation of quinoline and its 
derivatives has been thoroughly reviewed [439]. 

Isoquinoline was converted to 1,2,3,4-tetrahydroisoquinoline in 89% yield 
by reduction with sodium in liquid ammonia and ethanol [473], and to a 
mixture of 70-80% cis- and 10% /rawj-decahydroisoquinoline by catalytic 
hydrogenation over platinum oxide in acetic and sulfuric acid [474]. Without 
sulfuric acid the hydrogenation stopped at the tetrahydro stage. Catalytic 
hydrogenation of isoquinoline and its derivatives is the topic of a review in 
Advances in Catalysis [439]. 

Dehydroquinolizinium salts containing quaternary nitrogen at the bridge- 
head of bicyclic systems were easily hydrogenated over platinum to quinoli- 
zidines [475]. 





high yield 
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Reaction conditions used for reduction of acridine { 430 , 476 \, partly hydro- 
genated phenanthridine [ 477 \ and benzo|f]quinoline [ 477 \ are shown in Schemes 
38-40. Hydrogenation over platinum oxide in trifluoroacetic acid at 3.5 atm 
reduced only the carbocyclic rings in acridine and benzo[h]quinoline, leaving 
the pyridine rings intact [ 471 ]. 




trans 



Aromatic heterocycles containing two nitrogen atoms are best reduced by 
catalytic hydrogenation. Other reduction methods may cleave some of the 
rings. Even catalytic hydrogenation causes occasional hydrogenolysis. 
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Pyrazole was hydrogenated over palladium on barium sulfate in acetic acid 
to 4,5-dihydropyrazole (A^-pyrazoline), and 1-phenylpyrazole at 70-80° to 
1-phenylpyrazolidine [478], In benzopyrazole (indazole) and its homologs and 
derivatives the six-membered ring is hydrogenated preferentially to give 

4.5.6.7- tetrahydroindazoles over platinum, palladium or rhodium in acetic, 
hydrochloric, sulfuric and perchloric acid solutions in 45-96% yields [479], 

Imidazole was converted by hydrogenation over platinum oxide in acetic 
anhydride to 1, 3-diace tylimidazolidine in 80% yield, and benzimidazole 
similarly to 1,3-diacetylbenzimidazoline in 86% yield [480], While benzimi- 
dazole is very resistant to hydrogenation over platinum at 100° and over 
nickel at 200° and under high pressure, 2-alkyl- or 2-aryl-substituted imida- 
zoles are reduced in the benzene ring rather easily. 2-Methylbenzimidazole 
was hydrogenated over platinum oxide in acetic acid at 80-90° to 2-methyl- 

4.5.6.7- tetrahydrobenzimidazole in 87% yield [481], Lithium aluminum hy- 
dride reduced benzimidazole to 2,3-dihydrobenzimidazole [476], 

Six-membered rings with two nitrogen atoms behave differently depending 
on the position of the nitrogen atoms. 1,2-Diazines (pyridazines) are very 
stable to catalytic hydrogenation [482], 1,3-Diazine (pyrimidine) and its 2- 
methyl, 4-methy] and 5-methyl homologs were easily hydrogenated in aqueous 
hydrochloric acid over 10% palladium on charcoal to 1,4,5,6-tetrahydropy- 
rimidines in yields of 97-98% [483], 

1,4-Diazines (pyrazines) afforded hexahydro derivatives by catalytic hydro- 
genation over palladium on charcoal at room temperature and 3-4 atm [484 ^ 
485] (yield of 2-butylpiperazine was 62% [484]^ yield of 2,5-diphenylpiperazine 
80% [485]), Electrolytic reduction gave unstable 1,2-, 1,4- and 1,6-dihydro- 
pyrazines [485], 

In condensed systems containing rings with two nitrogen atoms it is almost 
exclusively the heterocyclic ring which is reduced preferentially. 4-Phenylcin- 
noline was hydrogenated in acetic acid over palladium almost quantitatively 
to 4-phenyl- 1,4-dihydrocinnoline [486], and this over platinum to 4-phenyl- 
1,2,3,5-tetrahydrocinnoline [487], 4-Methylcmnoline gave either 1,4-dihydro- 
cinnoline or 3-methylindole on electrolytic reduction under different condi- 
tions [488], 
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Quinazoline was reduced by hydrogen over platinum oxide to 3,4-dihydro- 
quinazoline [489], and by sodium borohydride in trifluoroacetic acid to 1,2- 
dihydroquinazoline [490]. 

m) 




H 



Reduction of quinoxalines was carried out by catalytic hydrogenation [491, 
492, 493, 494], with sodium borohydride [490] or with lithium aluminum hydride 
[476] to different stages of saturation. 



[491] H2/I0% Pd/C, Eton, 180“, 50 atm (i^3) 




Phthalazine and its homologs and derivatives are easily hydrogenolyzed. 
Electroreduction in alkaline medium gave 1,2-dihydrophthalazines [495], 
while in acidic media [495] and on catalytic hydrogenation [496], the ring was 
cleaved to yield o-xylene-a,a'-diamine. 
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Phenazine (9,10-diazaanthracene) was partially reduced by lithium alu- 
minum hydride to 9,10-dihydrophenazine (yield 90%) [476\ and totally reduced 
by catalytic hydrogenation over 10% palladium on carbon in ethanol at 180° 
and 50 atm to tetradecahydrophenazine (80% yield) [491], Catalytic hydro- 
genation of 140-phenanthroline afforded 1,2,3,4-tetrahydro- and jy/w-octa- 
hydrophenanthroline [497\. 



[ 497 ] 




( 45 ) 



Because of easily controlled reaction conditions catalytic hydrogenation 
was and is used frequently for partial reductions of complex natural products 
and their derivatives [498, 499], A random example is reduction of yobyrine 
[498]. 
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REDUCTION OF HALOGEN DERIVATIVES OF HYDROCARBONS 
AND BASIC HETEROCYCLES 

For the replacement of halogen by hydrogen - hydrogenolysis of the carbon- 
halogen bond - many reduction methods are available. Since breaking of 
carbon-halogen bonds is involved, the ease of hydrogenolysis decreases in 
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the series iodide, bromide, chloride and fluoride and increases in the series 
aliphatic < aromatic < vinylic < ally lie < benzylic halides. In catalytic 
hydrogenation the rate of reduction increases from primary to tertiary halides 
whereas in reductions with complex hydrides, where the reagent is a strong 
nucleophile, the trend is just the opposite. 

Reduction of Haloalkanes and Halocycloalkanes 

Alkyl fluorides are for practical purposes resistant to reduction. In a few 
instances, where fluorine in fluoroalkanes was replaced by hydrogen, very 
energetic conditions were required and usually gave poor yields [500, 501]. 
For this reason it is not difficult to replace other halogens present in the 
molecule without affecting fluorine. 

Alkyl chlorides are with a few exceptions not reduced by mild catalytic 
hydrogenation over platinum [502], rhodium [40] and nickel [63], even in the 
presence of alkali. Metal hydrides and complex hydrides are used more 
successfully: various lithium aluminum hydrides [506, 507], lithium copper 
hydrides [507], sodium borohydride [504, 505], and especially different tin 
hydrides {stannanes) [503, 508, 509, 510] are the reagents of choice for selective 
replacement of halogen in the presence of other functional groups. In some 
cases the reduction is stereoselective. Both cis- and rrflW5-9-chlorodecalin, on 
reductions with triphenyl stannane or dibutylstannane, gave predominantly 
/ra;i5-decalin [509]. 
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Alkyl bromides and especially alkyl iodides are reduced faster than chlor- 
ides. Catalytic hydrogenation was accomplished in good yields using Raney 
nickel in the presence of potassium hydroxide [63] {Procedure 5, p. 205). More 
frequently, bromides and iodides are reduced by hydrides [508] and complex 
hydrides in good to excellent yields [507, 504]. Most powerful are lithium 
triethylborohydride and lithium aluminum hydride [506\. Sodium borohydride 
reacts much more slowly. Since the complex hydrides are believed to react by 
an S^2 mechanism [505, 577], it is not surprising that secondary bromides 
and iodides react more slowly than the primary ones [506\. The reagent 
prepared from trimethoxylithium aluminum deuteride and cuprous iodide 
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amalgam [145], by sodium arsenite [220, 5/7] or by sodium sulfite [254] in good 
to excellent yields (Procedure 43, p. 2 1 6). The trichloromethyl group activated 
by an adjacent double bond or carbonyl group is partly or completely reduced 
by sodium amalgam and zinc [519, 520] (p. 142). 



[ 576 ] 
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Selective replacement of halogens is possible if their reactivities are different 
enough. Examples are the replacement of two chlorine atoms in 1,2-dichloro- 
hexafluorocyclobutane by hydrogens with lithium aluminum hydride at O'" 
[521], and the reduction of 1-chloro-l-fluorocyclopropane with sodium in 
liquid ammonia at —78° which gave 40-84% yield of fluorocyclopropane 
with retention of configuration [522]. Both chlorine and iodine were replaced 
by hydrogen in l-chloro-2-iodohexafluorocyclobutane using lithium alu- 
minum hydride [523] (62% yield), bromine by hydrogen in 1-bromo-l- 
chloro-2,2,2-trifluoroethane with zinc in methanol [524] (yield 59%), and one 
bromine atom by hydrogen in 1,1-dibromo-l-chIorotrifluoroethane with 
sodium sulfite [254] (80-90% yield). 

In vicinal dihalides the halogens may be replaced by hydrogen using hydro- 
genation over Raney nickel [65] or lithium in /erf-butanol [525]. Alkenes are 
frequently formed using alkylstannanes [508, 526]. Such dehalogenations are 
carried out usually with magnesium and zinc but are not discussed in this 
book. 1,3-Dihalides are either reduced or converted to cyclopropanes de- 
pending on the halogens and the reducing reagents used [527]. 

( 51 ) 
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Reduction of Haloalkenes, Halocycloalkenes and Haloalkynes 

The ease of hydrogenolytic replacement of halogens in halogenated un- 
saturated hydrocarbons depends on the mutual position of the halogen and 
the multiple bond. In catalytic hydrogenation ally lie or propargylic halogen is 
replaced very easily with the concomitant saturation of the multiple bond. 
Vinylic and acetylenic halogens are hydrogenolyzed less readily than the allylic 
ones but more easily than the halogens in saturated halides. The multiple 
bond is again hydrogenated indiscriminately [63]. 

The conspicuously high speed of hydrogenolysis of allylic and vinylic 
halogens as compared with those removed further from the multiple bonds 
or halogens in alkanes implies that the multiple bond participates in a multi- 
center transition state [63]. Such a mechanism would account even for the 
surprisingly easy hydrogenolysis of allylic and vinylic fluorine [66, 528, 529, 
530]. 

Hydrogenations of all types of unsaturated halides are carried out over 
Raney nickel in the presence of potassium hydroxide at room temperature 
and atmospheric pressure with yields of 32-92%. Even perhalogenated al- 
kenes such as perchlorocyclopentadiene are reduced to the saturated parent 
compounds [63]. 

In the absence of potassium hydroxide hydrogenation of vinylic and allylic 
chlorides to the saturated chlorides (with only partial or no hydrogenolysis of 
chlorine) is accomplished over 5% platinum, 5% palladium and, best of all, 
5% rhodium on alumina [40]. 

In reductions of allyl and vinyl halides with other reducing agents the 
double bond is usually conserved. Allylic halides are readily reduced to 
alkenes in high yields by treatment with chromous sulfate in dimethyl formam- 
ide [193]. Allylic halogen may be replaced in preference to the vinylic halogen. 
In 2-fluoro-l,l,3-trichloro-l-propene lithium aluminum hydride reduced only 
the allylic chlorine and neither of the vinylic halogens [557]. If, however, the 
vinylic halogen is considerably more reactive, it can be replaced preferen- 
tially. In 2-iodo-4,4,4-trichloro-l,l,l-trifluoro-2-butene reduction with zinc 
replaced only the vinylic iodine and none of the allylic chlorines, giving 
l,l,l-trifluoro-4,4,4-trichloro-2-butene in 63% yield [532]. In reductions 
with sodium or lithium in tert-huiyX alcohol both the allylic and vinylic 
chlorines were replaced indiscriminately [533]. Surprisingly, chromous acetate 
hydrogenolyzed chlorine once removed from a double bond in preference 
to both allylic and vinylic chlorines [198]. By reduction with zinc dust in 
deuterium oxide in the presence of sodium iodide and cupric chloride all six 
chlorines in perchloro- 1,3-butadiene are replaced by deuterium in 80-85% 
yield [534]. 

Strongly nucleophilic lithium aluminum hydride and sodium borohydride in 
diglyme replace vinylic halogens including fluorine [527, 555], sometimes 
under surprisingly gentle conditions [527]. Because the carbon atom linked to 
fluorine is more electrophilic than that bonded to chlorine, fluorine in 1- 
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chloroperfluorocyclopenlene was replaced by hydrogen preferentially to 
chlorine using sodium borohydride (yield 88%) [5i5], 



CFo-CCl 
I ^ II 
CF 2 - CH 
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Reduction of Haloaromatics 

In the aromatic series both benzylic halogens and aromatic halogens can be 
replaced by hydrogen by means of catalytic hydrogenation^ benzylic halogens 
much faster than the aromatic ones [5612]. Palladium on calcium carbonate 
[62] and, better still, Raney nickel [6i, 536] in the presence of potassium 
hydroxide are the catalysts of choice for hydrogenations at room temperature 
and atmospheric pressure with good to excellent yields. Also hydrogen transfer 
from triethylammonium formate over 5% palladium on charcoal proved 
successful in refluxing aromatic halogen by hydrogen at 50-100° in good 
yields [317a]. In polyhaloaromatics partial replacement of halogens can be 
achieved by using amounts of potassium hydroxide equivalent to the number 
of halogens to be replaced [536]. 

Benzylic halides are reduced very easily using complex hydrides. In a- 
chloroethylbenzene lithium aluminium deuteride replaced the benzylic chlorine 
by deuterium with inversion of configuration (optical purity 79%) [537]. 
Borane replaced chlorine and bromine in chloro- and bromodiphenylme- 
thane, chlorine in chlorotriphenylmethane and bromine in benzyl bromide by 
hydrogen in 90-96% yields. Benzyl chloride, however, was not reduced [555]. 
Benzylic chlorine and bromine in a 5y/w-triazine derivative were hydrogeno- 
lyzed by sodium iodide in acetic acid in 55% and 89% yields, respectively 
[ 559 ]. 

The difference in the reactivity of benzylic versus aromatic halogens makes 
it possible to reduce the former ones preferentially. Lithium aluminum hydride 
replaced only the benzylic bromine by hydrogen in 2~bromomethyl-3-chloro- 
naphthalene (yield 75%) [540]. Sodium borohydride in diglyme reduces, as 
a rule, benzylic halides but not aromatic halides (except for some iodo 
derivatives) [505, 541]. Lithium aluminum hydride hydro genolyzes benzyl 
halides and aryl bromides and iodides. Aryl chlorides and especially fluorides 
are quite resistant [540, 542]. However, in polyfluorinated aromatics, because 
of the very low electron density of the ring, even fluorine was replaced by 
hydrogen using lithium aluminum hydride [543]. 

Bromo benzene was reduced also with sodium bis{2-methoxy- 
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ethoxy)aluminum hydride [544] and with triethylsilane in the presence of 
palladium [112], Triphenylstannane can be used for selective reductions of 
aryl halides as it can replace aromatic bromine but not chlorine by hydrogen 
[545], 
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Occasionally metals have been used for the hydrogenolysis of aromatic 
halides. Sodium in liquid ammonia replaced by hydrogen even fluorine 
bonded to the benzene ring [546], zinc with potassium hydrogenolyzed bro- 
mobenzene [157] and zinc in acetic acid replaced both a-bromine atoms but 
not the ^-bromine in 2,3,5-tribromothiophene [547], Magnesium can be used 
indirectly for conversion of an aromatic bromide or iodide to a Grignard 
reagent, which on treatment with water gives the parent compound. 

An interesting case is the hydrogenolysis of aryl chlorides, bromides and 
iodides in respective yields of 72%, 72% and 82% on irradiation in isopropyl 
alcohol [310], 

Halogens in aromatic heterocycles are replaced by hydrogen in catalytic 
hydrogenations without the reduction of the aromatic rings [54S\ In pyridine 
and quinoline and their derivatives halogens in a and y positions are replaced 
especially easily. (This is quite understandable since such halogen derivatives 
are actually disguised imidoyl chlorides or their vinyl analogs, and those 
compounds undergo easy hydrogenolysis.) Catalytic hydrogenation over pal- 
ladium in acetic acid and alkaline acetate [549, 550, 557] or over Raney nickel 
in alkaline medium [552, 553] hydrogenolyzed a- and y-chlorine atoms in 
yields up to 94%. All three chloropyridines [63] and bromopyridines [536, 
554] were converted almost quantitatively to pyridine over Raney nickel at 
room temperature and atmospheric pressure. 

Halogens in a and y positions to the nitrogen atoms are distinctly more 
reactive than those in the P positions also toward nucleophilic reagents. In 
j^-chlorotetrafluoropyridine lithium aluminum hydride replaced by hydrogen 
the fluorine in the y position in preference to chlorine in the P position [555]. 
In pyrimidine derivatives chlorine a to nitrogen was hydrogenolyzed in 89% 
yield by refluxing with zinc dust [556] and in 78% yield by heating at 100-1 10° 
with azeotropic hydriodic acid [557]. The reactive chlorine in 3-chloro-4,5- 
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benzopyrazole was replaced with hydrogen by refluxing for 24 hours with 
hydriodic acid and phosphorus (yield 82-86%) [55<5]. 

Replacement of halogen in compounds with functional groups is discussed 
in the appropriate chapters. 

REDUCTION OF NITRO, NITROSO, DIAZO AND AZIDO 
DERIVATIVES OF HYDROCARBONS AND BASIC HETEROCYCLES 

Nitrogen-containing substituents of the above type undergo exceedingly easy 
reduction by many reagents. Nitro and nitroso groups behave differently 
depending whether they are bonded to tertiary or aromatic carbon, or else to 
carbon carrying hydrogens. In the latter case tautomerism generates forms 
which are reduced in ways different from those of the simple nitro or nitroso 
groups. 

(54) 




wmw ^ rr'chnh2 

Aliphatic nitro compounds with the nitro group on a tertiary carbon were 
reduced to amines with aluminum amalgam [146\ or iron [559]. 2-Nitro-2- 
methylpropane afforded rerr-butylamine in 65-75% yield [146\. Even some 
secondary nitroalkanes were hydrogenated to amines. transA^A-Dinitrocy- 
clohexane was converted to rrfl/i5-l,4-diaminocyclohexane with retention of 
configuration. This may be considered as an evidence that the intermediate 
nitroso compound is reduced directly and not after tautomerization to the 
isonitroso compound [560] (see Scheme 54). 

(5E 
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Generally primary nitro compounds are reduced to aldoximes and second- 
ary to ketoximes by metal salts. On reduction with stannous chloride 1,5- 
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dinitropentane gave 55-60% yield of the dioxime of glutaric dialdehyde [^77]; 
3j?,5a-dichloro-6j?-nitrocholestane with chromous chloride gave 60% yield of 
oxime of 3j?-chloro-5a-hydroxycholestan-6-one [79^; and nitrocydohexane 
was reduced to cyclohexanone oxime catalytically [561] or with sodium thio- 
sulfate [562]. 




( 56 ) 



Although primary and secondary nitro compounds may be converted, 
respectively, to aldehydes and ketones by consecutive treatment with alkalis 
and sulfuric acid (Nef’s reaction) the same products can be obtained by 
reduction with titanium trichloride (yields 45-90%) [563] or chromous chloride 
(yields 32-77%) [190]. The reaction seems to proceed through a nitroso rather 
than an aci-nitro intermediate [563] (Scheme 54, route b). 

Reduction of the nitro group is one of the easiest reductions to accomplish. 
However, several instances have been recorded of preferential reduction of 
carbon-carbon double bonds in unsaturated nitro compounds. In 4-nitrocy- 
clohexene with a bulky substituent in position 5 the double bond was satu- 
rated by hydrogenation over platinum oxide without change of the nitro group 
[564], and even a pyridine ring was hydrogenated in preference to a remote 
nitro group under special conditions (platinum oxide, acetic acid, room 
temperature, 3.5 atm; yield 90%) [565]. Diazo and azido groups, however, are 
reduced preferentially to nitro groups (pp. 75, 76). 

The outcome of the reduction of primary or secondary nitro compounds 
with conjugated double bonds depends on the mode of addition of hydrogen, 
which in turn depends on the reagents used. 1,4- Addition results in the 
reduction of the carbon-carbon double bond and leads to a saturated nitro 
compound. Dimeric compounds formed by coupling of the half-reduced 
intermediates sometimes accompany the main products [566]. 1-Nitrooctane 
was prepared in 85% yield by reducing 1-nitrooctene, and j8-nitrostyrene gave 
48% of /3-nitroethylbenzene and 43% of 2,4-dinitro-l,3-diphenylbutane on 
reduction with sodium borohydride [566]. Saturated nitro compounds were 
also obtained by specially controlled reduction with lithium aluminum hydride 
[567] and by treatment of the unsaturated nitro derivatives with formic acid 
and triethylamine [317]. Ring-substituted jS-nitrostyrenes were reduced to 
jS-nitroethylbenzenes by homogeneous catalytic hydrogenation using 
tris(triphenylphosphine)rhodium chloride in 60-90% yields [56], and to 
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aminoethylbenzenes by hydrogenation over 10% palladium on carbon in 
aqueous hydrochloric acid at 85° and 35 atm (yield 82%) [5d5], 

If the addition of hydrogen takes place in a 1,2-mode the products are 
oximes, hydroxylamines, amines, and carbonyl compounds resulting from 
the hydrolysis of the oximes [567]. Oximes and carbonyl compounds also 
result from reductions of a,)3-unsaturated compounds with iron [559, 570] 
and an oxime was prepared by catalytic hydrogenation of a jS-nitrostyrene 
derivative over palladium in pyridine (yield 89%) [571]. 
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Aromatic nitro compounds were among the first organic compounds ever 
reduced. The nitro group is readily converted to a series of functions of 
various degrees of reduction: very exceptionally to a nitroso group, more 
often to a hydroxylamino group and most frequently to the amino group. In 
addition azoxy, azo and hydrazo compounds are formed by combination of 
two molecules of the reduction intermediates (Scheme 58). 




With the exception of the nitroso stage, all the intermediate stages of the 
reduction of nitro compounds can be obtained by controlled catalytic hydro- 
genation [572], and all reduction intermediates were prepared by reduction 
with appropriate hydrides or complex hydrides. However, the outcome of 
many hydride reductions is difficult to predict. Therefore more specific re- 
agents are preferred for partial reductions of nitro compounds. 

By controlling the amount of hydrogen and the pH of the reaction, hy- 
droxylamino, azoxy, azo, hydrazo and amino compounds were obtained in 
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good yields by catalytic hydrogenation over 2% palladium on carbon at room 
temperature and atmospheric pressure [572]. 

Nitroso compounds are usually not obtained directly but rather by reoxi- 
dation of hydroxylamino compounds or amines. Hydroxylamino compounds 
are prepared by electrolytic reduction using a lead anode and a copper cathode 
[573], by zinc in an aqueous solution of ammonium chloride [574] or by 
aluminum amalgam [147], generally in good yields. 

Azoxybenzene was synthesized in 85% yield by reduction of nitrobenzene 
with sodium arsenite [221]. Nitrotoluenes and 2,5-dichloronitrobenzene were 
converted to the corresponding azoxy compounds by heating to 60-90° with 
hexoses (yields up to 74%) [316]. Some ring-substituted nitrobenzenes were 
converted to azoxy compounds, some other to azo compounds by sodium 
bis{2-methoxyethoxy)aluminum hydride [575]. 

Reduction of nitro compounds with zinc in alkali hydroxides gives azo and 
hydrazo compounds. With an excess of zinc hydrazo compounds are obtained 
which are easily reoxidized to azo compounds {Procedure 32, p. 213). 

Direct preparation of azo compounds in good yields is accomplished by 
treatment of nitro compounds with lithium aluminum hydride [576], with 
magnesium aluminum hydride [577], with sodium bis(2-methoxy~ 
ethoxy)aluminum hydride [575], with silicon in alcoholic alkali [337] or with 
zinc in strongly alkaline medium [578]. Hydrazobenzene was obtained by 
controlled hydrogenation of nitrobenzene in alkaline medium (yield 80%) 
[572] and by reduction with sodium bis{2-methoxyethoxy)alumium hydride 
(yield 37%) [544]. 

Reduction of azo and hydrazo compounds is discussed on pp. 95, 96. 
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Complete reduction of nitro compounds to amines is accomplished by cata- 
lytic hydrogenation. The difference in the rate of hydrogenation of the nitro 
group and of the aromatic ring is so large that the hydrogenation may be 
easily regulated not to reduce the aromatic ring. Catalysts used for the 
conversion of aromatic nitro compounds to amines are: platinum oxide [38, 
579], rhodium-platinum oxide [35], palladium [38, 580], Raney nickel [45], 
copper chromite [50], rhenium sulfide [53] and others. Instead of hydrogen 
hydrazine [277, 278], formic acid [71] or triethylamine formate [73] have been 
used for catalytic reduction. Hydrides and complex hydrides are not used for 
complete reduction to amines since they usually reduce nitro compounds to 
azo and other derivatives, or else do not reduce the nitro group at all (like 
sodium borohydride [557], diborane, lithium hydride, lithium triethylboro- 
hydride and sodium trimethoxyborohydride). 

The most popular reducing agent for conversion of aromatic nitro com- 
pounds to amines is iron [166]. It is cheap and gives good to excellent yields 
[165, 582]. The reductions are usually carried out in aqueous or aqueous 
alcoholic media and require only catalytic amounts of acids (acetic, hydro- 
chloric) or salts such as sodium chloride, ferrous sulfate or, better still, ferric 
chloride [765]. Thus the reductions are run essentially in neutral media. The 
rates of the reductions and sometimes even the yields can be increased by 
using iron in the form of small particles [765]. Iron is also suitable for 
reduction of complex nitro derivatives since it does not attack many func- 
tional groups [553]. 
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Zinc reduces nitro groups in different ways depending mainly on the pH. 
Reduction to amino groups can be achieved in aqueous alcohol in the presence 
of calcium chloride [584]. In strong hydrochloric acid the aromatic ring may 
be chlorinated in positions para or ortho to the amino group [555], The same 
is true of reduction with tin [556]. Other common reducing agents are titanium 
trichloride [201], stannous chloride [587], ferrous sulfate [218], hydrogen sulfide 
[236] or its salts [239, 241], and sodium hydrosulfite (hyposulfite, dithionite) 
[256, 257] {Procedure 44, p. 216). 

Most of the reagents used for the preparation of aromatic amines from 
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nitro compounds can be used for complete reduction of polynitro compounds 
to polyamines [166^ 582\, However, not all of them are equally suited for 
partial or selective reductions of just one or one particular nitro group. 

Partial reduction of dinitro compounds was accomplished by catalytic 
hydrogen transfer using palladium on carbon and cyclohexene [588] or tri- 
ethylammonium formate [73], Iron was found superior to stannous chloride 
because it does not require strongly acidic medium which dissolves the initially 
formed nitro amine and makes it more susceptible to complete reduction [165, 
589] {Procedure 34, p. 213). However, stannous chloride is frequently used for 
selective reductions in which one particular nitro group is to be reduced 
preferentially or exclusively [587], Other reagents for the same purpose are 
titanium trichloride [590], hydrogen sulfide in pyridine [236] and sodium or 
ammonium sulfide [236, 238, 591], Surprisingly enough it is usually the steri- 
cally less accessible ortho nitro group which is reduced. 

Triethylammonium formate in the presence of palladium reduced the less 
hindered para nitro group in 2,4-dinitrotoluene but the more hindered ortho 
nitro group in 2,4-dinitrophenol, 2,4-dinitroanisole, 2,4-dinitroaniline and 
2,4-dinitroacetanilide in yields of 24-92% [73], 
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Reduction of aromatic nitro group takes preference to the reduction of the 
aromatic ring. Under certain conditions, however, even the benzene ring was 
reduced. Hydrogenation of nitrobenzene over platinum oxide or rhodium- 
platinum oxide in ethanol yielded aniline while in acetic acid cyclohexylamine 
was produced [55]. Heating of nitrobenzene with formic acid in the presence 
of copper at 200° gave a 100% yield of aniline, whereas similar treatment in 
the presence of nickel afforded 67% of cyclohexylamine [71], 

Halogenated nitro compounds may suffer replacement of halogen during 
some reductions: thus 9-bromo-lO-nitrophenanthrene reduced with zinc and 
acid, with stannous chloride, with ammonium sulfide, or with hydrazine in the 
presence of palladium gave 9-aminophenanthrene (87.5% yield). Reduction 
to 9-bromo-lO-aminophenanthrene was accomplished with iron in dilute 
acetic acid (yield 35%) [278], 
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2-Iodo-7-nitrofluorene gave 2-iodo-7-aminofluorene in 85% yield by reduc- 
tion with hydrazine in the presence of Raney nickel [277], and 2-iodo-6- 
nitronaphthalene and 3-iodo-6-nitronaphthalene afforded the corresponding 
iodoaminonaphthalenes in almost quantitative yields on treatment with 
aqueous-alcoholic solutions of sodium hydrosulfite (hyposulfite, dithionite) 
[257]. 

A very reliable reagent for reduction^ of aromatic nitro groups in the 
presence of sensitive functions is iron, which does not affect carbon-carbon 
double bonds [555]. 

Chlorine was replaced by hydrogen in 2,4,6-trinitrochlorobenzene by heat- 
ing with sodium iodide and acetic acid at 100° without the reduction of any 
nitro group [225]. 

Primary and secondary nitroso compounds tautomerize to isonitroso com- 
pounds - oximes of aldehydes and ketones, respectively. Their reductions are 
dealt with in the sections on derivatives of carbonyl compounds (pp. 106, 1 32). 

Tertiary and aromatic nitroso compounds are not readily accessible; 
consequently not many reductions have been tried. Nitrosobenzene was 
converted to azobenzene by lithium aluminum hydride (yield 69%) [592], 
and o-nitrosobiphenyl to carbazole, probably via a hydroxylamino inter- 
mediate, by treatment with triphenylphosphine or triethyl phosphite (yields 
69% and 76%, respectively) [298]. Nitrosothymol was transformed to amino- 
thymol with ammonium sulfide (yield 73-80%) [245], and a-nitroso-^- 
naphthol to a-amino-j?-naphthol with sodium hydrosulfite (yield 66-74%) 
[255]. 

Non-functionalized aliphatic diazo compounds are fairly rare, and so are 
their reductions. Good examples of the reduction of diazo compounds to 
either amines or hydrazones are found with a-diazo ketones and a-diazo 
esters (pp, 124, 125, 160). 

Aromatic diazonium compounds which are prepared readily by diazotization 
of primary amines can be converted either to their parent compounds by 
replacement of the diazonium group with hydrogen, or to hydrazines by 
reduction of the diazonium group. Both reactions are carried out at room 
temperature or below using reagents soluble in aqueous solutions, and usually 
give high yields. 

The former reaction is accomplished by sodium borohydride (yields 48- 
77%) [595], sodium stannite (yield 73%) [279], hypophosphorous acid (yields 
52-87%) [288, 594] {Procedure 46, p. 217), ethanol {yitXAs 79-93%) [305, 306], 
hexamethylphosphoric triamide (yields 71-94%) [595] and others [289]. Re- 
ducing agents suitable for the replacement of the diazonium groups by hydro- 
gen usually do not attack other elements or groups, so they can be used for 
compounds containing halogens [279, 288, 595], nitro groups [305] and other 
functions (p. 142). Replacement of the aromatic amino group via diazotiza- 
tion was accomplished even in a compound containing an aliphatic amino 
group since at pH lower than 3 only the aromatic amino group was diazotized 
[594]. 
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Conversion of diazonium salts to hydrazines was achieved by reduction 
with zinc in acidic medium (yields 85-90%) [596], with stannous chloride (yield 
70%) [184\, and sodium sulfite (yields 70-80%) [255, 597]. Nitro groups present 
in the diazonium salts survive the reduction unharmed [184^ 253]. 

Azido groups are reduced to amino groups most readily. Catalytic hydro- 
genation is carried out over platinum (yield 81%) [595]. Since the volume of 
nitrogen eliminated during the reduction of the azido group equals that of 
the hydrogen used, it is impossible to follow the progress of the reduction by 
measurement of volume or pressure. The easy hydrogenation of the azido 
group made it possible to reduce an azido compound to an amino compound 
selectively over 10% palladium on charcoal without hydrogenolyzing a ben- 
zyloxycarbonyl group and even in the presence of divalent sulfur in the same 
molecule [599]. 

Lithium aluminum hydride reduced j?-azidoethylbenzene to j?-aminoethyl- 
benzene in 89% yield [600]. The azido group was also reduced with aluminum 
amalgam (yields 71-86%) [149], with titanium trichloride (yields 54-83%) 
[601], with vanadous chloride (yields 70-95%) [217] {Procedure 40, p.215), 
with hydrogen sulfide (yield 90%) [247], with sodium hydrosulfite (yield 90%) 
[259], with hydrogen bromide in acetic acid (yields 84-97%) [232], and with 
1 ,3-propanedithiol (yields 84-100%) [602\ Unsaturated azides were reduced 
to unsaturated amines with aluminum amalgam [149] and with 1,3-propane- 
dithiol [602]. 

Neither aromatic halogens [232, 602] nor nitro groups were affected during 
the reductions of the azido group [232, 247, 602\ a-Iodo azides gave, on 
reduction, aziridines or alkenes depending on the substituents and on the 
reagents used [603]. 
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REDUCTION OF ALCOHOLS AND PHENOLS AND THEIR 
SUBSTITUTION DERIVATIVES 

Reduction of saturated alcohols to the parent hydrocarbons is not easy and 
requires rather energetic conditions. Catalytic hydrogenation over molyb- 
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denum or tungsten sulfides at 310-350'' and 76-122 atm converted tertiary, 
secondary and primary alcohols to the corresponding alkanes in yields up to 
96% [604]. 

Many hydroxy compounds would not survive such harsh treatment; there- 
fore other methods must be used. Some alcohols were hydrogenolyzed with 
chloroalanes generated in situ from lithium aluminum hydride and aluminum 
chloride, but the reaction gave alkenes as by-products [605]. Tertiary alcohols 
were converted to hydrocarbon on treatment at room temperature with 
triethyl- or triphenylsilane and trifluoroacetic acid in methylene chloride 
(yields 41-92%), Rearrangements due to carbonium ion formation occur 
[3431 

An elegant method for the replacement of hydroxy groups in alcohols by 
hydrogen is the addition of alcohol to dialkylcarbodiimide followed by cata- 
lytic hydrogenation of the intermediate (9-alkoxy-A,iV'-dialkylisoureas over 
palladium at 40-80° and 1-60 atm (yields 52-99%) [606]. 

1606 ] (6^) 




Another procedure for the hydrogenolysis of a hydroxyl is the conversion 
of the hydroxy compound to its arenesulfonyl ester, exchange of the sulfony- 
loxy group by iodine using sodium iodide, and replacement of the iodine by 
hydrogen via catalytic hydrogenation or other reductions (p. 63). Hydrogen- 
olysis of hydroxyl is somewhat easier in polyhydric alcohols. Diols gave 
alcohols on hydrogenation over copper chromite at 200-250° and 175 atm, 
after hydrogenolysis of one hydroxyl group [420]. Vicinal diols were converted 
to alkenes stereospecifically by a special treatment with trialkyl phosphites 
[607]. Similar reaction can also be achieved by heating of vicinal diols with 
low-valent titanium obtained by reduction of titanium trichloride with 
potassium [206]. 

Results of the reduction of unsaturated alcohols depend on the respective 
positions of the hydroxyl and the double bond. Since the hydroxyl group is 
fairly resistant to hydrogenolysis by catalytic hydrogenation almost any 
catalyst working under mild conditions may be used for saturation of the 
double bond with conservation of the hydroxyl [608]. In addition, sodium in 
liquid ammonia and lithium in ethylamine reduced double bonds without 
affecting the hydroxyl in non-allylic alcohols [608]. 

With few exceptions [609], unsaturated alcohols with hydroxyls in allylic 
positions undergo hydrogenolysis and give alkenes. Such reductions were 
achieved by chloroalanes made from lithium aluminum hydride and alu- 
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minum chloride [670] and by sodium in liquid ammonia [608, 611]. Rearrange- 
ment of the double bond usually takes place [677], and dehydration to a diene 
may be another side reaction. 
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Replacement of an allylic hydroxyl without saturation or a shift of the 
double bond was achieved by treatment of some allylic-type alcohols with 
triphenyliodophosphorane (Ph 3 PHI), triphenyldiiodophosphorane (Ph 3 Pl 2 ) or 
their mixture with triphenyl phosphine (yields 24-60%) [672]. Still another 
way is the treatment of an allylic alcohol with a pyridine-sulfur trioxide 
complex followed by reduction of the intermediate with lithium aluminum 
hydride in tetrahydrofuran (yields 6-98%) [675]. In this method saturation of 
the double bond has taken place in some instances [675]. 

Acetylenic alcohols, usually of propargylic type, are frequently inter- 
mediates in the synthesis, and selective reduction of the triple bond to a 
double bond is desirable. This can be accomplished by carefully controlled 
catalytic hydrogenation over deactivated palladium [56, 364, 365, 366, 368, 
370], by reduction with lithium aluminum hydride [383, 384], zinc [384] and 
chromous sulfate [795]. Such partial reductions were carried out frequently in 
alcohols in which the triple bonds were conjugated with one or more double 
bonds [56, 368, 384] and even aromatic rings [795]. 

Hydroxy compounds in the aromatic series behave differently depending 
on whether the hydroxy group is phenolic, benzylic or more remote from the 
ring. 

Phenolic hydroxyl is difficult to hydrogenolyze. It can be replaced by hydro- 
gen if the phenol is first added to dialkylcarbodiimide to form the O-aryl- 
7V,7V'-dialkylisourea, which is then hydrogenated over 5% palladium on 
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carbon (yields 82-99%) [614\ Alternatively, phenols are converted by treat- 
ment with cyanogen bromide to arylcyanates; these are then treated with 
diethylamine to give 0-aryI-A^,A^-diethyIisoureas which on hydrogenation 
over 5% palladium on carbon in ethanol or acetic acid at 20 or 45° afford 
hydrocarbons or hydroxyl-free derivatives in 85-94% yields [615]. Good to 
high yields are also obtained when phenols are transformed to aryl ethers by 
reaction with 2-chlorobenzoxazole or l-phenyl-5-chlorotetrazole and the aryl 
ethers are hydrogenated over 5% palladium on carbon in benzene, ethanol or 
tetrahydrofuran at 35° [616\. 

Distillation of phenols with zinc dust [617] or with dry lithium aluminum 
hydride [618] also results in hydrogenolysis of phenolic hydroxyls but because 
the reaction requires very high temperatures hardly any other function in the 
molecule can survive, and the method has only limited use. 

In some phenols, such as a-naphthol and 9-hydroxyphenanthrene, the 
hydroxyl group has been replaced by hydrogen by refluxing with 57% hy- 
driodic acid and acetic acid (yields 52% and 96%, respectively) [226]. 

In contrast to phenolic hydroxyl, benzylic hydroxyl is replaced by hydrogen 
very easily. In catalytic hydrogenation of aromatic aldehydes, ketones, acids 
and esters it is sometimes difficult to prevent the easy hydrogenolysis of the 
benzylic alcohols which result from the reduction of the above functions. A 
catalyst suitable for preventing hydrogenolysis of benzylic hydroxyl is platin- 
ized charcoal [28]. Other catalysts, especially palladium on charcoal [619], 
palladium hydride [619], nickel [43], Raney nickel [619] and copper chromite 
[620], promote hydrogenolysis. In the case of chiral alcohols such as 2- 
phenyl-2-butanol hydrogenolysis took place with inversion over platinum 
and palladium, and with retention over Raney nickel (optical purities 59- 
66%) [619]. 

Benzylic alcohols were also converted to hydrocarbons by sodium borohy- 
dride [621], by chloroalane [622], by borane [623], by zinc [624], and by hy- 
driodic acid [225, 625], generally in good to excellent yields. Hydrogenolysis of 
benzylic alcohols may be accompanied by dehydration (where feasible) [622]. 

A mixture of titanium trichloride and 0.33 equivalent of lithium aluminum 
hydride in dimethoxye thane causes coupling of the benzyl residues: benzyl 
alcohol thus affords bibenzyl in 78% yield [204]. 
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Hydrogenolyses of benzyl-type ethers, esters and amines are discussed on 
pp. 82, 93, 150 and 151, respectively. 

Hydroxylic groups in positions a to heterocyclic aromatics undergo hydro- 
genolysis in catalytic hydrogenation. In the case of furfuryl alcohol, hydro- 
genation also reduces the aromatic nucleus and easily cleaves the furan ring 
giving, in addition to a-methylfuran and tetrahydrofurfuryl alcohol, a mixture 
of pentanediols and pentanols [38, 420]. 

Vinylogs of benzylic alcohols, e.g. cinnamyl alcohol, undergo easy satura- 
tion of the double bond by catalytic hydrogenation over platinum, rhodium- 
platinum and palladium oxides [39] or by reduction with lithium aluminum 
hydride [609]. In the presence of acids, catalytic hydrogenolysis of the allylic 
hydroxyl takes place, especially over platinum oxide in acetic acid and hydro- 
chloric acid [39]. 
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Aromatic hydroxy compounds, both phenols and alcohols, can be reduced 
in the aromatic rings. Catalytic hydrogenation over platinum oxide [8], rhod- 
ium-platinum oxide [38], nickel [43] or Raney nickel [45] gave alicyclic alco- 
hols: phenol yielded cyclohexanol by hydrogenation over platinum oxide at 
room temperature and 210 atm (yield 47%) [8], by heating with hydrogen and 
nickel at 150° and 200-250 atm (yield 88-100%) [43] or by hydrogenation 
over Urushibara nickel at 70-1 10° at 66 atm (yield 79%) [48]. 2-Phenylethanol 
gave 2-cyclohexylethanol at 175° and 210-260 atm (yield 66-75%) [43], and 
hydroquinone gave cw-l,4-cyclohexanediol by hydrogenation over nickel at 
150° and 170 atm [43], or over Raney nickel at room temperature at 2-3 atm 
[8]. Hydrogenation of the aromatic ring in benzylic alcohols is usually 
preceded by hydrogenolysis of the alcohol group prior to the saturation of 
the ring. However, under special conditions, using platinum oxide as the 
catalyst, ethanol with a trace of acetic acid as the solvent and room tempera- 
ture and atmospheric pressure, 1-phenylethanol was converted in 86% yield 
to 1-cyclohexylethanol [389]. ^-Naphthol was under different conditions hy- 
drogenated in the substituted ring, in the other ring, or in both [8, 45]. The 
results of partial hydrogenation of naphthols depend on the position of the 
hydroxyl (a or P) and on the catalyst used (Raney nickel [626, 627, 628] or 
copper chromite [626]). 

Partial reduction of naphthols was accomplished by sodium in liquid 
ammonia. In the absence of alcohols small amounts of 5,8-dihydro-a- 
naphthol or 5,8-dihydro-^-naphthol were isolated. In the presence of tert- 
amyl alcohol, a-naphthol gave 65-85% yield of 5,8-dihydro-a-naphthol while 
^-naphthol afforded 55-65% of ^-tetralone [399] {Procedure 26, p. 21 1). Lith- 
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ium in liquid ammonia and ethanol reduced a-naphthol to 5,8-dihydro-a- 
naphthol in 97-99% yield {629\ 




Halogenated saturated alcohols are reduced to alcohols by catalytic hydro- 
genation over Raney nickel [bi]. In halogenated phenols and naphthols the 
halogens are hydrogenolyzed over the same catalyst in high yields [556]. A 
rather exceptional replacement of all three atoms of fluorine by hydrogen in 
o-hydroxybenzotrifluoride is due to the electron-releasing elfect of the hy- 
droxy group, which enhances nucleophilic displacement by the hydride anion 
[630], Bromohydrins treated with titanium dichloride prepared from lithium 
aluminum hydride and titanium trichloride give alkenes non-stereospecifi- 
cally: both erythro- and /Ar^o-5-bromo-6-decanols gave 80/20 and 70/30 
mixtures of trans- and cw-5-decene in 91% and 82%, respectively [204], 

In bromohydrins, hydrogenation over Raney nickel may lead to epoxides 
rather than to alcohols since regular Raney nickel contains enough alkali to 
cause dehydrobromination. Pure hydrogenolysis of bromine can be achieved 
over Raney nickel which has been washed free of alkali by acetic acid [631], 

Nitro alcohols were reduced to amino alcohols by catalytic hydrogenation 
over platinum [632] and with iron [559], and nitrosophenols [255] and nitro- 
phenols [256] to aminophenols with sodium hydrosulfite, sodium sulfide [238] 
or tin [176], Bromine atoms in 2,6-di-bromo-4-nitrophenol were not affected 
[176], 

REDUCTION OF ETHERS AND THEIR DERIVATIVES 

Open-chain aliphatic ethers are completely resistant to hydrogenolysis. Cyclic 
ethers (for epoxides, see p. 83) may undergo reductive cleavage under stren- 
uous conditions. The tetrahydrofuran ring was cleaved in vigorous hydrogen- 
ations over Raney nickel [420] and copper chromite [420] to give, ultimately, 
alcohols. 

Tetrahydrofuran itself is not entirely inert to some hydrides although it is a 
favorite solvent for reductions with these reagents. A mixture of lithium alu- 
minum hydride and aluminum chloride produced butyl alcohol on prolonged 
refluxing in yields corresponding to the amount of alane generated [633], 
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Under reasonable conditions tetrahydropyran ring is not affected. Catalytic 
hydrogenation of 1,2-dihydropyran over Raney nickel at room temperature 
and 2.7 atm saturated the double bond to give quantitative yield of tetrahy- 
dropyran [ 634 \. 

Vinyl ethers were reductively cleaved by lithium, sodium or potassium in 
liquid ammonia especially in the absence of alcohols (except /er/-butyl alco- 
hol) [ 635 ]. A mixture of l-methoxy-1,3- and l-methoxy-l,4-cyclohexadiene 
gave in this way first methoxycyclohexene and, on further reduction, cyclo- 
hexene [ 635 ]. Reductive cleavage of a-alkoxytetrahydrofurans and pyrans 
will be discussed in the chapter on acetals (p. 104). 

AUylic ethers were reduced by treatment with lithium in ethylamine to 
alkenes [ 636 \. Benzyl ethers are hydrogenolyzed easily, even more readily than 
benzyl alcohols [ 637 \. 3,5-Bis(benzyloxy)benzyl alcohol gave 3,5-dihydroxy- 
benzyl alcohol on hydrogenation over palladium on carbon at room tem- 
perature and atmospheric pressure in quantitative yield [ 638 ]. Hydrogenolysis 
of benzylic ethers can also be achieved by refluxing the ether with cyclohexene 
(as a source of hydrogen) in the presence of 10% palladium on carbon in the 
presence of aluminum chloride [ 639 ]. 

Cleavage of a benzyloxy bond was also accomplished by treatment with 
sodium in liquid ammonia [ 640 ] or by refluxing with sodium and butyl alcohol 
[ 641 ]. On the other hand, aluminum amalgams reduced a nitro group but did 
not cleave benzyl ether bond in dibenzylether of 2-nitrohydroquinone [ 642 ]. 

Ether linkage in aryl alkyl ethers is usually stable to reduction, and hydro- 
genolysis of the central methoxy group in trimethyl ether of pyrogallol by 
refluxing with sodium in ethanol belongs to exceptions [ 643 ]. Catalytic hydro- 
genation does not affect the ether bonds. In 4-[2,3-dimethoxyphenyl]-5-nitro- 
cyclohexene only the double bond (not even the nitro group) was reduced by 
hydrogenation over platinum oxide [ 564 ]. In methyl )3-naphthyl ether hydro- 
genation over Raney nickel at 130° and 24 atm reduced the substituted ring 
to give a tetrahydro derivative but did not break the ether bond [ 628 ]. 

Partial reduction of benzene and naphthalene rings in aryl alkyl ethers was 
accomplished by dissolving metal reductions. Anisole treated with lithium 
[ 644 ] or with sodium [diJ] and ethanol in ammonia gave first 1-methoxy- 
1,4-cyclohexadiene which rearranged to the conjugated 1 -methoxy- 1,3-cy- 
clohexadiene. Further reduction afforded 1-methoxycylohexene and cyclo- 
hexene [ 635 ]. Similar reductions were accomplished in methoxyalkylben- 
zenes [ 399 ]. 2-Ethoxynaphthalene was reduced by sodium in ethanol to 3,4- 
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dihydro-2-ethoxynaphthalene which on hydrolysis afforded jS-tetralone in 
40-50% yield [645]. 

REDUCTION OF EPOXIDES, PEROXIDES AND OZONIDES 

Epoxides (oxiranes) can be reduced in different ways. So-called deoxygenation 
converts epoxides to alkenes. Such a reaction is very useful since it is the 
reversal of epoxidation of alkenes, and since both these reactions combined 
represent temporary protection of a double bond. 

Reduction to alkenes was accomplished by refluxing the epoxides with zinc 
dust in acetic acid [646\ (yields 69-70%) or with zinc-copper couple in ethanol 
[647], (yields 8-95%), by heating at 65° with titanium dichloride prepared in 
situ from titanium trichloride and 0.25 mol of lithium aluminum hydride [204] 
(yields 1 1 -79%), by treatment with chromous c/z/on^fe-ethylenediamine com- 
plex in dimethyl formamide at 90° [648], by treatment with a mixture of 
butyllithium and ferric chloride in tetrahydrofuran at room temperature (yields 
57-92%) [649], or by treatment with alkali 0,0-diethyl phosphorotellurate 
prepared in situ from diethyl sodium phosphite and tellurium (yields 39-91%) 
[293]. The latter procedure is faster with terminal than with internal epoxides 
and with Z than with E compounds, and is stereospecific. The other methods 
give either mixtures of isomers or predominantly trans alkenes. The method 
was applied to epoxides of sesquiterpenes [647] and steroids [646]. Deoxy- 
genation of epoxide by chromous chloride was carried without affecting 
double bonds and/or carbonyls present in the same molecule [192, 650]. On 
the other hand, catalytic hydrogenation over 5% palladium on carbon was 
used to reduce a double bond in 95% yield without deoxygenating the epoxide 
[651]. 

More frequent than the deoxygenation of epoxides to alkenes is reduction 
of epoxides to alcohols. Its regiospecificity and stereospecificity depend on the 
reducing agents. 

Hydrogenolysis of epoxides to alcohols by catalytic hydrogenation over 
platinum requires acid catalysis. 1-Methylcyclohexene oxide was reduced to 
a mixture of cis- and /r^2/ij-2-methylcyclohexanol [652]. Steroidal epoxides 
usually gave axial alcohols stereospecifically: 4,5-epoxycoprostan-3a-ol af- 
forded cholestan-3a,4)?-diol [652]. 

Reagents of choice for reduction of epoxides to alcohols are hydrides and 
complex hydrides. A general rule of regioselectivity is that the nucleophilic 
complex hydrides such as lithium aluminum hydride approach the oxide from 
the less hindered side [511, 653], thus giving more substituted alcohols. In 
contrast, hydrides of electrophilic nature such as alanes (prepared in situ from 
lithium aluminum hydride and aluminum halides) [653, 654, 655] or boranes, 
especially in the presence of boron trifluoride, open the ring in the opposite 
direction and give predominantly less substituted alcohols [656, 657, 658]. As 
far as stereoselectivity is concerned, lithium aluminum hydride yields trans 
products [577] whereas electrophilic hydrides predominantly cis products 
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[656, 658], Both these rules have exceptions, as shown by a study of reduction 
of deuterated styrene-2, 2-^2 oxide with deuteroalanes [655], 
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Sterically hindered epoxides are sometimes easier to reduce by dissolving 
metals: 2-methyl-2, 3-epoxybutane gave, after treatment with lithium in 
ethylenediamine at 50° for 1 hour, 74% of 3-methyl-2-butanol and 8% of 2- 
methyl-2-butanol [659], 
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Unsaturated epoxides are reduced preferentially at the double bonds by 
catalytic hydrogenation. The rate of hydrogenolysis of the epoxides is much 
lower than that of the addition of hydrogen across the carbon-carbon double 
bond. In a,^-unsaturated epoxides borane attacks the conjugated double 
bond at ^-carbon in a cis direction with respect to the epoxide ring and gives 
allylic alcohols [660], Similar complex reduction of epoxides occurs in a-keto 
epoxides (p. 126), 
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Oxygen-oxygen bond in peroxides and hydroperoxides is cleaved very easily 
by catalytic hydrogenation over platinum oxide [661, 662], over palladium [75, 
662, 663, 664] or over Raney nickel [665], Hydroperoxides yield alcohols 

[661] ; unsaturated hydroperoxides yield unsaturated and saturated alcohols 
[75], Unsaturated cyclic peroxides (endoperoxides) gave saturated peroxides 

[662] , unsaturated diols [662, 663] or saturated diols [664], Similar results 
were obtained by reduction with zinc [666], 
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A very convenient way of reducing hydroperoxides to alcohols in high 
yields is treatment with 20% aqueous solution of sodium sulfite at room or 
elevated temperatures [257], or with tertiary phosphines in organic solvents 
[290, 667\, 
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Triethyl- and triphenylphosphine have been used for ‘deoxygenation’ not 
only of hydroperoxides to alcohols but also of dialkyl peroxides to ethers, of 
diacyl peroxides to acid anhydrides, of peroxy acids and their esters to acids 
or esters, respectively, and of endoperoxides to oxides [290] in good to 
excellent yields. The deoxygenation of ascaridole to l-methyl-4-isopropyl- 
l,4-oxido-2-cyclohexene [290] was later challenged {the product is claimed to 
be /?-cymene instead \668\), 

Apart from the conversion of peroxides to useful products, it is sometimes 
necessary to reduce peroxides, and especially hydroperoxides formed by 
auto-oxidation. Such compounds are formed especially in hydrocarbons con- 
taining branched chains, double bonds or aromatic rings, and in ethers such 
as diethyl ether, diisopropyl ether, tetrahydrofuran, dioxane, etc. Since most 
peroxidic compounds decompose violently at higher temperatures and could 
cause explosion and fire it is necessary to remove them from liquids they 
contaminate. Water-immiscible liquids can be stripped of peroxides by shak- 
ing with an aqueous solution of sodium sulfite or ferrous sulfate. A simple 
and efficient way of removing peroxides is treatment of the contaminated 
compounds with 0.4 nm molecular sieves [669\. 

Reduction of ozonides is very useful, especially when aldehydes are the 
desired products, Ozonides are easily hydrogenolyzed over palladium [670\ or 
reduced by zinc in acetic acid [d77], usually in good yields. Ozonolysis of 
methyl oleate followed by hydrogenation over 10% palladium on charcoal 
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gave 58% yield of nonanal and 60% yield of methyl 9-oxononanoate [670] 
while reduction of the ozonide with zinc dust in acetic acid gave the respective 
yields of 81% and 85%. Ozonolysis of 6-chloro-2-methyl-2-heptene in acetic 
acid followed by treatment with zinc dust in ether gave 55% yield of 4- 
chloropentanol [671], 

An elegant one-pot reduction of ozonides consisting of the treatment of a 
crude product of ozonization of an alkene in methanol with dimethyl sulfide 
(36% molar excess) gives 62-97% yields of very pure aldehydes [244], 



REDUCTION OF SULFUR COMPOUNDS (EXCEPT SULFUR 
DERIVATIVES OF ALDEHYDES, KETONES AND ACIDS) 

Reduction of sulfur compounds will be discussed in the sequence divalent, 
tetravalent and hexavalent sulfur derivatives. 

Sulfur analogs of hydroxy compounds, thiols (mercaptans and thiophenols), 
behave differently from their oxygen counterparts. While hydrogenolysis of 
alcohols and especially phenols to parent hydrocarbons is far from easy, 
conversion of thiols to the parent hydrocarbons is achieved readily by several 
reagents. Benzyl mercaptan was desulfurized to toluene by treatment with 
triethyl phosphite [672] {Procedure 47, p. 217). Refluxing with iron in ethanol 
and acetic acid desulfurized the mercapto group in 2-mercapto-6-methylben- 
zothiazole and gave 82% yield of 6-methylbenzothiazole. The sulfidic sulfur 
in the heterocyclic ring remained intact [171], A general method for the 
desulfurization of thiols is treatment with nickel [673], Such reaction applies 
not only to thiols but to sulfides and almost any sulfur-containing organic 
compound. 

Divalent sulfur is a poison for most noble metal catalysts so that catalytic 
hydrogenation of sulfur-containing compounds poses serious problems 
(p. 10). However, allyl phenyl sulfide was hydrogenated over tris(trisphenyl‘ 
phosphine)rhodium chloride in benzene to give 93% yield of phenyl propyl 
sulfide [674], 

Raney nickel and nickel boride somehow extract sulfur from sulfur-contain- 
ing compounds forming nickel sulfide, and because they contain adsorbed 
hydrogen at their surfaces, even cause hydrogenation. The reaction is 
achieved by refluxing sulfur-containing compounds with a large excess of 
Raney nickel or nickel boride in ethanol and generally gives excellent yields 
[673], 

Aliphatic and aromatic sulfides undergo desulfurization with Raney nickel 
[673], with nickel boride [673], with lithium aluminum hydride in the presence 
of cupric chloride [675], with titanium dichloride [676], and with triethyl 
phosphite [677], In saccharides benzylthioethers were not desulfurized but 
reduced to toluene and mercaptodeoxysugars using sodium in liquid ammonia 
[678], This reduction has general application and replaces catalytic hydrogen- 
olysis, which cannot be used [637], 
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Cyclic sulfides treated with triethyl phosphite eject sulfur and form a new 
ring less one member [677], From compounds containing sulfur in three- 
membered rings (thiiranes) alkenes are formed in high yields [297, 294\. The 
same reaction can be achieved with triphenyl phosphine [291]. 
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Reductive cleavage of 1,3-dithiolanes is accomplished in low yields with 
sodium in liquid ammonia and gives either dithiols or mercapto sulfides 
depending on substituents in position two [679]. 

Alkyl thiocyanates were reduced with lithium aluminum hydride to mercap- 
tans (yield 81%), and aryl thiocyanates to thiophenols (yield 94%) [680]. 

Disulfides can be either reduced to two thiols or desulfurized. The former 
reaction was achieved in high yields using lithium aluminium hydride [680, 
681], lithium triethylborohydride [100] and sodium borohydride [682]. 

Partial desulfurization of disulfides to sulfides was accomplished by treat- 
ment with tris{diethylamino)phosphine in good yields [303]. 1,2-Dithiacy- 
clohexane was thus quantitatively converted to thiophane (tetrahydrothio- 
phene) at room temperature [303]. Complete desulfurization to hydrocarbons 
resulted when disulfides were refluxed in ethanol with Raney nickel or nickel 
boride (yields 86 and 72%, respectively) [673]. 

Reductive cleavage of disulfides is very easy and can be accomplished 
without affecting some other readily reducible groups such as nitro groups. 
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If, on the other hand, a nitro group must be reduced to an amino group 
without reducing the sulfidic bond, hydrazine is the reagent of choice [6S3]. 

Dialkyl and diaryl sulfoxides were reduced (deoxygenated) to sulfides by 
several methods. As a little surprise sulfides were obtained from sulfoxides by 
catalytic hydrogenation over 5% palladium on charcoal in ethanol at 80-90° 
and 65-90 atm in yields of 59-99% [684\. In the case of p-tolyl ^-styryl 
sulfoxide deoxygenation was achieved even without reduction of the double 
bond giving 66% of p-tolyl ^-styryl sulfide and only 16% of p-tolyl ^-phenyl- 
ethyl sulfide [684\ 

Chemical deoxygenation of sulfoxides to sulfides was carried out by reflux- 
ing in aqueous-alcoholic solutions with stannous chloride (yields 62-93%) 
[186\ {Procedure 36, p. 214), with titanium trichloride (yields 68-91%) [203], 
by treatment at room temperature with molybdenum trichloride (prepared by 
reduction of molybdenyl chloride M0OCI3 with zinc dust in tetrahydrofuran) 
(yields 78-91%) [216], by heating with vanadium dichloride in aqueous tetra- 
hydrofuran at 100° (yields 74-88%) [216], and by refluxing in aqueous meth- 
anol with chromium dichloride (yield 24%) [190]. A very impressive method is 
the conversion of dialkyl and diaryl sulfoxides to sulfides by treatment in 
acetone solutions for a few minutes with 2.4 equivalents of sodium iodide and 
1 .2-2.6 equivalents of trifluoroacetic anhydride (isolated yields 90-98%) [655]. 



0 

PHCH2SCH2PH 



PHCH2SCH2PH 



[684] H^/5Z Pd(C) ,EtOH, 86-90", 65-78 atm, 4 days 90% 
[186] SnCl2*2 H20,HC1 ,MeOH,ref lux 2 hrs 82% 
[20Z] TiCl2,H20,MeOH,CHCl^,reflux 78% 
[216] MoCl^,THF,H20,Zn,25°,l hr 89% 
[216] VCl2,H20,THF,100° ,40 mm,8 hrs 82% 
[190] CrCl2,H20,Me0H,reflux 2 hrs 24% 
[686] NaI,(CF2C0)20,Me2C0,25",few minutes 93% 
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In addition to deoxygenation sulfoxides undergo reductive cleavage at the 
carbon-sulfur bond when heated in tetrahydrofuran with aluminum amalgam. 
Keto sulfoxides were thus converted to ketones in usually quantitative yields 
(the keto group remained intact) [141]. 

The sulfonyl group in sulfones resists catalytic hydrogenation. Double 
bonds in a,^-unsaturated sulfones are reduced by hydrogenation over palla- 
dium on charcoal (yield 94%) [686, 687] or over Raney nickel (yield 62%) 
without the sulfonyl group being affected [686]. In p-thiopyrone- 1,1 -dioxide 
both double bonds were reduced with zinc in acetic acid but the keto group 
and the sulfonyl group survived [688]. Raney nickel may desulfurize sulfones 
to hydrocarbons [673]. 

Reduction of sulfones to sulfides has been accomplished by lithium aluminum 
hydride [687], diisobutyl aluminum hydride [689] and sometimes by zinc dust in 
acetic acid [687]. Diisobutyl aluminum hydride (Dibal-H) was found to be 
superior to both lithium aluminum hydride and zinc. At least 2.2 mol of the 
hydride were necessary for the reduction carried out in mineral oil at room 
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temperature or in refluxing toluene over 18-72 hours. Five-membered cyclic 
sulfones were reduced most readily, aliphatic sulfones least readily. Yields 
were 12-77% [689]. 

Reductions of five-membered cyclic sulfones with lithium aluminum hy- 
dride were run in refluxing ether and of other sulfones in refluxing ethyl butyl 
ether (92°) (yields 12-92%). Benzothiophene- 1,1 -dioxide was reduced at the 
double bond as well, giving 2,3-dihydrobenzothiophene in 79% yield after 18 
hours of refluxing in ether [687]. 

An entirely different type of reduction occurs if sulfones are treated with 
lithium aluminum hydride in the presence of cupric chloride (1:2) [752], with 
sodium in liquid ammonia [690\ with aluminum amalgam [141^ 152] or, for 
aromatic ones, with sodium amalgam [691]. The carbon-sulfur bond is cleaved 
to give a sulfinic acid and a compound resulting from replacement of the 
sulfone group by hydrogen. Such hydrogenolysis can be achieved even with- 
out reducing a keto group in keto sulfones (2-methylsulfonylcyclohexanone 
on heating at 65° with aluminum amalgam in aqueous tetrahydrofuran af- 
forded 89% yield of cyclohexanone [7^7]), and without reducing a double 
bond conjugated with aromatic rings in a,^-unsaturated sulfones [752]. 
Similar carbon-sulfur bond cleavage was observed with alkyl aryl sulfoxi- 
mines [755]. 
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Sulfenyl chlorides, sulfinic acids and sulfinyl chlorides were reduced in good 
yields by lithium aluminum hydride to disulfides [680]. The same products were 
obtained from sodium or lithium salts of sulfinic acids on treatment with 
sodium hypophosphite or ethyl hypophosphite [301]. Sulfoxy-sulfones are inter- 
mediates in the latter reaction [507]. 
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Sulfonic acids are completely resistant to any reductions, and other func- 
tions contained in their molecules can be easily reduced, e.g. nitro groups 
with iron [692]. 

Chlorides of sulfonic acids can be reduced either partially to sulfinic acids, 
or completely to thiols. Both reductions are accomplished in high yields with 
lithium aluminum hydride. An inverse addition technique at a temperature of 
—20'' is used for the preparation of sulfinic acids, while the preparation of 
thiols is carried out at the boiling point of ether [693]. 

More reliable reagents for the preparation of sulfinic acids are zinc [694, 
695], sodium sulfide [249] and sodium sulfite [252]. These reagents not only 
stop the reduction at the stage of the sulfinic acids (in the form of their salts) 
but do not reduce other functions present in the molecules. In the reduction 
of anthraquinone-l,5-disulfonyl chloride with sodium sulfide below 40° 
anthraquinone-l,5-disulfinic acid was obtained in 83.5% yield [249], and p- 
cyanobenzenesulfonyl chloride was reduced to /?-cyanobenzenesulfinic acid 
in 87.4% yield [252]. 

Complete reduction of sulfonyl chlorides to thiols can be achieved by lithium 
aluminum hydride [680, 693], with zinc [696] and with hydriodic acW generated 
in situ from iodine and red phosphorus [230]. /w-Nitrobenzenesulfonyl chlor- 
ide, however, was reduced not to the thiol but to bis(/w-nitrophenyl)disulfide 
by hydriodic acid in 86-91% yield [697]. 
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Esters of sulfonic acids give different products depending on the reducing 
agent, on the structure of the parent sulfonic acid, and especially on the 
structure of the hydroxy compound, alcohol or phenol. 

Catalytic hydrogenation over Raney nickel converted benzenesulfonates of 
both alcohols and phenols to parent hydroxy compounds, benzene and nickel 
sulfide. p-Toluenesulfonates of alcohols are reduced similarly while p-tolu- 
enesulfonates of phenols gave nickel /?-toluenesulfinates and aromatic hydro- 
carbons. The yields of the hydroxy compounds range from 25 to 96% [698]. 

Similarly, lithium aluminum hydride gives different products. ^-Naphthyl 
p-toluenesulfonate affords p-thiocresol and ^-naphthol, and phenyl meth- 
anesulfonate gives methyl mercaptan and phenol. On the other hand, propyl 
p-toluenesulfonate yields p-toluenesulfonic acid and propane, and cetyl meth- 
anesulfonate and cetyl p-toluenesulfonate give hexadecane in 92% and 96% 
yields, respectively [680]. 

While lithium aluminum hydride frequently leads to mixtures of hydro- 
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carbons and alcohols from alkyl /7-toluenesulfonates, lithium triethylborohy- 
dride (Super Hydride®) in tetrahydrofuran reduces p-toluenesulfonates of 
primary and secondary alcohols to the corresponding hydrocarbons at room 
temperature in high yields [699]. Also sodium borohydride in dimethyl sulfox- 
ide gives hydrocarbons: dodecane and cyclododecane from dodecyl and cy- 
clododecyl p-toluenesulfonates in 86.5% and 53.9% yields, respectively [504]. 

Replacement of sulfonyloxy groups by hydrogen is also achieved by refluxing 
the methanesulfonyl and p-toluenesulfonyl esters of alcohols with sodium 
iodide and zinc dust in wet dimethoxyethane. Evidently iodine displaces sul- 
fonyloxy group and is replaced by hydrogen by means of zinc. Yields range 
from 26% to 65% [700] {Procedure ii, p. 213). 

Cleavage of the sulfonyl esters to the parent alcohols is accomplished in 
yields of 60-100% by treatment of the p-toluenesulfonates with 2-6 equiva- 
lents of sodium naphthalene in tetrahydrofuran at room temperature (yields 
60-100%). Sodium naphthalene is prepared by stirring sodium with an equi- 
valent amount or a slight excess of naphthalene in tetrahydrofuran for 1 hour 
at room temperature under an inert gas [701]. Benzenesulfonates and bromo- 
benzenesulfonates are also cleaved to the parent alcohols while alkyl 
methanesulfonates are reduced also to hydrocarbons [701]. 




[ 680 ] 



[ 680 ] 
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In saccharides sodium amalgam has been used for regeneration of sugars 
from their sulfonates but in low yields only [702]. 

Like sulfonyl esters, sulfonamides can be reduced either to sulfinic acids, or 
to thiols. Heating of p-toluenesulfonamide with fuming hydriodic acid and 
phosphonium iodide at 100° afforded 85% of p-thiocresol [703]. 

Substituted sulfonamides are reductively cleaved to amines and either 
sulfinic acids, or thiols, or even parent hydrocarbons of the sulfonic acid 
[704]. For the regeneration of amines sodium naphthalene proves to be very 
useful since it gives excellent yields (68-96%, isolated) under very gentle 
conditions (room temperature, 1 hour) [705] {Procedure 28, p. 212). Other 
reagents usually require refluxing. Thus sodium in refluxing amyl alccliol gave 
78-93.5% yields, zinc dust in refluxing acetic and hydrochloric acid 2.7-87% 
yields, and stannous chloride in the same system 61 .8-96% yields of the amines 
[704]. The other reduction products are toluene in the reductions with sodium, 
and p-thiocresol (74%) in the reductions with zinc [704]. 

Reduction of both sulfoesters and sulfonamides has as its main objective 
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preparation of hydrocarbons, alcohols, phenols and amines. Reduction prod- 
ucts of the sulfur-containing parts of the molecules are only corollaries. 



REDUCTION OF AMINES AND THEIR DERIVATIVES 

Like saturated alcohols, saturated amines are fairly resistant to reduction. 
The carbon-nitrogen bond has been hydrogenolyzed in the catalytic hydro- 
genation of 1 , 1 -dimethylethylenimine which, on treatment with hydrogen over 
Raney nickel at 60° and 4.2 atm, afforded /er/-butylamine in 75-82% yield 
[706\. Evidently the strain of the aziridine ring contributed to the relative ease 
of the hydrogenolysis since other cyclic amines, such as piperidine, required 
heating to 200-220° for their hydrogenolysis to alkanes [707\. 

Primary amines can be reduced to their parent compounds by treatment 
with hydroxylamine-O-sulfonic acid and aqueous sodium hydroxide at 0°. 
Substituted hydrazines and diimides are believed to be the reaction inter- 
mediates in the ultimate replacement of the primary amino group by hydrogen 
in yields 49-72% [708]. 

Unsaturated amines are hydrogenated at the multiple bonds by catalytic 
hydrogenation over any catalyst. The double bond in indole was saturated in 
catalytic hydrogenation over platinum dioxide in ethanol containing fluoro- 
boric acid and indoline was obtained in greater than 85% yield [456\. AUylic 
amines such as allylpiperidine are also reduced by sodium in liquid ammonia 
in the presence of methanol (yield 75%) [709\ 

Vinylamines (enamines) are reduced by alane, mono- and dichloroalane to 
saturated amines, and hydrogenolyzed to amines and alkenes [710], Reduc- 
tion is favored by dichloroalane while hydrogenolysis is favored by alane. 
Alane, chloroalane and dichloroalane gave the following results with 1-V- 
pyrrolidinylcyclohexene: V-pyrrolidinylcyclohexane in 13, 15 and 22% yield, 
and pyrrolidine and cyclohexene in 80, 75 and 75% yields, respectively [710], 
Saturated amines were also obtained by treatment of enamines with sodium 
borohydride [777], with sodium cyanoborohydride [103, 712] {Procedure 22, 
p. 210) and by heating for 1-2 hours at 50-70° with 87% or 9%y^ formic acid 
(yields 37-89%) [320], 

Aromatic amines are hydrogenated in the rings by catalytic hydrogenation. 
Aniline yields 17% of cyclohexylamine and 23% of dicyclohexylamine over 
platinum dioxide in acetic acid at 25° and 125 atm [8], A better yield (90%) of 
cyclohexylamine was obtained by hydrogenation over nickel at 175° and 180 
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atm [43]. Reduction to saturated amines is also achieved by lithium in ethyl- 
amine: dimethylaniline gave dimethylcyclohexylamine in 44% yield 
[713]. Reduction with sodium in liquid ammonia in the presence of ethanol 
converted dimethylaniline and dimethyltoluidines to dihydro and even tetra- 
hydro derivatives or products of their hydrolysis, cyclohexenones and 
cyclohexanones, in 58-72% yields [714]. 

In naphthylamines reduction with sodium in refluxing pentanol affected 
exclusively the substituted ring, giving 51-57% of 2-amino- 1,2, 3-4- tetrahy- 
dronaphthalene [715]. 

A^-Alkyl or A-aryl derivatives of benzylamine are readily hydrogenolyzed 
to toluene and primary or secondary amines by catalytic hydrogenation [637], 
the best catalysts being palladium oxide [716] or palladium on charcoal [777, 
718]. The same type of cleavage takes place in 3-dimethylaminomethylindole, 
which gives 3-methylindole in 83.9% yield on treatment with hydrogen over 
palladium on charcoal in ethanol at room temperature and atmospheric 
pressure [719]. Hydrogenolysis over palladium is easier than over platinum 
and takes place preferentially to saturation of double bonds [719]. 

Quaternary ammonium salts, especially iodides, in the aromatic series were 
converted to tertiary amines. Electrolysis of triniethylanilinium iodide using 
a lead cathode gave 75% of benzene and 77% of trimethylamine, and elec- 
trolysis of methylethylpropylanilinium iodide gave 47.5% yield of methyl- 
ethylpropylamine. The cleavage always affects the bond between nitrogen 
and the benzene ring [720]. Thus, 2,3-dimethylbenzyltrimethyl ammonium 
iodide was reduced by sodium amalgam to 1,2,3-trimethylbenzene in 85-90% 
yield [721]. 

If the quaternary nitrogen is a member of a ring, the ring is cleaved. 3- 
Benzyl-2-phenyl-A, A-dimethylpyrrolidinium chloride was cleaved by hydro- 
genation over Raney nickel at 20-25^' almost quantitatively to 2-benzyl-4- 
dimethylamino-l-phenylbutane [722]. Reduction of methylpyridinium iodide 
(and its methyl homologs) with sodium aluminum hydride gave 24-89% yields 
of 5-methylamino-l,3-pentadiene (and its methyl homologs) in addition to 
A-methyl dihydro- and tetrahydropyridine [448]. 

Since amines are fairly resistant to reduction halogens in halogenated amines 
behave toward reducing agents as if the amino group were not present. 
Occasionally, however, the amino group may help hydrogenolysis of halogen. 
In o-aminobenzotrifluoride all three fluorine atoms were replaced by hydro- 
gen in 80-100% yield on refluxing with lithium aluminum hydride [630]. This 
rather exceptional hydrogenolysis is due to the electron-releasing effect of the 
amino group which favors nucleophilic displacement by hydride ions. 
Similarly, nitroso groups and nitro groups in amines are reduced independently. 
p-Nitrosodimethylaniline gave 64% of A, A-dimethyl-/7-phenylenediamine on 
reduction with chromous chloride [190], (?-nitroaniline gave 74-85% of o- 
phenylenediamine on refluxing with zinc in aqueous ethanolic sodium hy- 
droxide [723], and 5-amino-2,4-dinitroaniline yielded 49-52% of 1,2,5- 
triamino-4-nitrobenzene on reduction with sodiimt sulfide [724]. 
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As in the hydrogenation of glycols, in vigorous hydrogenations of hydroxy 
amines a carbon-carbon bond cleavage may occur along with hydrogenolysis 
of carbon-oxygen and carbon-nitrogen bonds. 

A^-Ethyl-A^-(2-hydroxyethyl)aniline afforded 52.5% of W-’ethyl-A^-[2-hy- 
droxyethyljcyclohexylamine and 14% of TV-methyl-JV-ethylcyclohexylamine 
upon hydrogenation over Raney nickel at 150° and 65 atm in ethanol [725], 
Cleavage of a carbon-nitrogen bond in a position ^ to a keto group takes 
place during catalytic hydrogenation of Mannich bases and gives ketones in 
yields of 51-96% [726], The carbon-nitrogen bond next to a carbonyl group 
in a-amino ketones is cleaved by zinc [727] (pp. 118, 119). 

Cleavage of the carbon-nitrogen bond occurs in henzyloxycarbonylamino 
compounds as a result of decarboxylation of the corresponding free carbamic 
acids resulting from hydrogenolysis of benzyl residues [72S, 729, 730] (p. 1 51). 

In A-nitrosamines the more polar nitrogen-oxygen bond is usually reduced 
preferentially to the nitrogen-nitrogen bond with lithium aluminum hydride 
so that the products are disubstituted a.sjw-hydrazines. JV-Nitroso-iV-methyl- 
aniline gives 77% of A-methyl-A^-phenylhydrazine, A^-nitrosodicyclohexyl- 
amine 48% of 7V,A^-dicyclohexylhydrazine, and A-nitrosopiperidine 75% of 
A^,A^-pentamethylenehydrazine [731], AT-Nitrosodimethylamine is reduced to 
A^,AT-dimethylhydrazine with lithium aluminum hydride in 78% yield [732], 
and with zinc in acetic acid in 77-83% yield [733]. Reduction of A^-nitrosodi- 
phenylamine with an equimolar amount of lithium aluminum hydride or by 
using the ‘inverse technique’ yielded 90% of 7V,iV-diphenylhydrazine. When 
1 mol of A^-nitrosodiphenylamine was added to 4 mol of lithium aluminum 
hydride, cleavage of the nitrogen-nitrogen bond took place giving diphenyl- 
amine [731]. 




[7Z1] 
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A-nitramines too were reduced to disubstituted hydrazines. Electrolysis in 
1 0% sulfuric acid over copper or lead cathodes reduced A-nitrodimethylamine 
to iV,A^-dimethylhydrazine (yield 69%), iV-nitro-iV-methylaniline to N~ 
methyl-A^-phenylhydrazine (yield 54%), A^-nitropiperidine to A^,A^-penta- 
methylenehydrazine (yield 52%) [734], and nitrourea to semicarbazide (yield 
61-69%) [735]. 

A-Amine oxides can be reduced (deoxygenated) to tertiary amines. Such a 
reaction is very desirable, especially in aromatic nitrogen-containing hetero- 
cycles where conversion to amine oxides makes possible electrophilic substi- 
tution of the aromatic rings in different positions than it occurs in the parent 
heterocyclic compounds. The reduction is very easy and is accomplished by 
catalytic hydrogenation over palladium [736, 737], by borane [738], by iron in 
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acetic acid (yields 80-100%) [170\ with titanium trichloride (yield 71-97%) 
[799], or by chromous chloride (yields 39-96%) [797], 

In nitroamine oxides the nitro group may be reduced preferentially but 
usually both functions are affected. 5-Ethyl-2-methyl-4-nitropyridine A^-oxide 
is converted quantitatively to 4-amino-5-ethyI-2-methyIpyridine by hydrogen 
over 30% palladium on charcoal in ethanolic solution [757]. The outcome of 
the hydrogenation of a nitroamine oxide may be influenced by reaction 
conditions [736\. 




Iron in acetic acid at 100° reduced 4-nitropyridine oxide quantitatively to 
4-aminopyridine [170\ and 3-bromo-4‘nitropyridine oxide to 3-bromo-4- 
aminopyridine in 80% yield [170\ Chromous chloride, on the other hand, 
failed in the deoxygenation of nitropyridine oxides and nitroquinoline oxides 
[797]. 

A bond between nitrogen and oxygen was hydrogenolyzed in a cyclic 
derivative of hydroxylamine, 2-methyl-6-[^-pyridyl]-l,2-oxazine, which on 
treatment with zinc dust in acetic acid gave, on ring cleavage, 84.5% of 1- 
hydroxy-4-methylamino- 1 -[^-pyridy I]butane [739], 

Hydrazo compounds were hydrogenolyzed to primary amines by catalytic 
hydrogenation over palladium [740], Since hydrazo compounds are inter- 
mediates in the reductive cleavage of azo compounds to amines it is very 
likely that all the reducing agents converting azo compounds to amines cleave 
also the hydrazo compounds (p. 96). 

Hydrazines are hydrogenolyzed catalytically over Raney nickel [741] and 
other catalysts, Hydrogenolysis of hydrazones and azines is discussed else- 
where (pp, 34, 106, 133, 134). 

Azo compounds can be reduced either to hydrazo compounds or else cleaved 
to two molecules of amines. 

Conversion of azo compounds to hydrazo compounds is achieved by con- 
trolled catalytic hydrogenation [572, 740, 742], by treatment with diimide 
(generated in situ from di-potassium azodicarboxylate and acetic acid) [264, 
743], by sodium amalgam (yield 90%) [744], by aluminum amalgam [148] and 
by zinc in alcoholic ammonia (yield 70-85%) [745], Hydrogen sulfide has been 
used for selective reduction of a nitro group to an amino group with conser- 
vation of both azo groupings in mono-p-nitro-w-phenylenebisazobenzene 
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(yields 79%) [241], This is exceptional since hydrogen sulfide, under slightly 
different conditions, reduces the azo group to the hydrazo group [746] as well 
as azo compounds to primary amines [246], 
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The reductive cleavage of azo compounds is accomplished in good yields by 
catalytic hydrogenation [740, 747], with sodium hydrosulfite [258] and with 
0,0-dialkyl dithiophosphoric acid {yields 23-93%) [748], 

Reduction of diazo and azido compounds is discussed on pp. 75, 76. 

REDUCTION OF ALDEHYDES 

Reduction of aldehydes to primary alcohols is very easy and can be accom- 
plished by a legion of reagents. The real challenge is to reduce aldehydes 
containing other functional groups selectively or to reduce the other function 
in preference to the aldehyde group. 



Reduction of Aliphatic Aldehydes 

Saturated aliphatic aldehydes are readily reduced to alcohols by catalytic 
hydrogenation over almost any catalyst: e.g, platinum oxide, especially in the 
presence of iron ions which accelerate the reduction of the carbonyl group 
[749], and Raney nickel (after washing away strong alkalinity which could 
cause side reactions) [45], High yields of primary alcohols are obtained 
by reductions with lithium aluminum hydride [<SJ] {Procedure 14, p. 207), 
lithium borohydride [750] and with sodium borohydride [751], as well as with 
more sophisticated complex hydrides such as lithium trialkoxyaluminum 
hydrides [752], sodium bis{2-methoxyethoxy)aluminum hydride [544], tetra- 
butylammonium cyanoborohydride [757] and others. B-3-Pinanyl-9-bora- 
bicyclo[3,3,l]nonane (prepared from (±)-a-pinene and 9-BBN) is suitable 
for asymmetric reduction of 1-deuteroaldehydes to chiral 1-deuteroalco- 
hols (enantiomeric excess of 64-83%) [109], Aliphatic aldehydes were also 
reduced by treatment with a suspension of sodium or lithium hydride in a 
solution of ferrous or ferric chloride in tetrahydrofuran [752], by iron and 
acetic acid [754], by refluxing with sodium dithionite (hydrosulfite) in aqueous 
dioxane or dimethylformamide [262], and by Meerwein-Ponndorf reaction 
using isopropyl alcohol and aluminum isopropoxide [309] {Procedure 48, 
p.217). 
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Several reagents reduce aldehydes preferentially to ketones in mixtures of 
both. Very high selectivity was found in reductions using dehydrated alu- 
minum oxide soaked with isopropyl alcohol and especially diisopropylcarbinol 
[755], or silica gel and tributylstannane [756\. The best selectivity was achieved 
with lithium trialkoxyabmiinum hydrides at —78°. In the system hexanal/ 
cyclohexanone the ratio of primary to secondary alcohol was 87 : 1 3 at 0° and 
91.5:8.5 at —78° with lithium tris(rer/-butoxy)aluminum hydride [752], and 
93.6:6.4 at 0° and 99.6:0.4 at —78° with lithium tris(3-ethyl-3-pentyl- 



oxy)aluminum 


hydride [752]. 
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[756] 


C7H15 


Si02,Bu^SnH,hexane,25* ,1 hr 


90% 


[753] 


C7H15 


FeCl^.LiH.THF, 25 “,24-48 hrs 


79% 


[757] 


CsHlZ 


Bu^NBH^CN,HMPA, 25“,1 hr 


84% 


[755] 


C9H19 


Al.,0^,Me„CH0H,CCl, ,25“,2 hrs 
2 3 2 4 


84% 



Reduction of saturated aliphatic aldehydes to alkanes was carried out by 
refluxing with amalgamated zinc and hydrochloric acid (Clemmensen reduc- 
tion) [760, 758] (p, 28) or by heating with hydrazine and potassium hydroxide 
(Wolff-Kizhner reduction) [280, 759] (p. 34). Heptaldehyde gave heptane in 
72% yield by the first and in 54% yield by the second method. 

Other possibilities of converting the aldehyde group to a methyl group are 
desulfurization of the mercaptal (p. 104) and reduction of azines, hydrazones 
and tosylhydrazones (p. 106). 

An interesting reduction of aldehydes takes place on treatment with a 
reagent prepared from titanium trichloride and potassium [206] or magnesium 
[207] in tetrahydrofuran: propionaldehyde gave a 60% yield of a mixture of 
30% cis- and 30% trans-2-hcxcnc [207\. 

A method for the conversion of unsaturated aliphatic aldehydes to saturated 
aldehydes is a gentle catalytic hydrogenation. Palladium is more selective than 
nickel. Hydrogenation over sodium borohydride-reduced palladium in meth- 
anol at room temperature and 2 atm reduced crotonaldehyde to butyralde- 
hyde but did not hydrogenate butyraldehyde [57]. Nickel prepared by reduc- 
tion with sodium borohydride was less selective: it effected reduction of 
crotonaldehyde to butyraldehyde but also reduction of butyraldehyde to 
butyl alcohol, though at a slower rate [57]. Hydrogenation of 2,2,dimethyl- 
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4-pentenal over 5% palladium on alumina at 25° and 2 atm gave 88.5% of 
2,2-dimethylpentanal while over Raney nickel at 125° and 100 atm 2,2-di- 
methylpentanol was obtained in 94% yield [760\. 3-Cyclohexenecarboxalde- 
hyde afforded 81% yield of cyclohexanecarboxaldehyde on hydrogenation 
over 5% palladium on charcoal at 75-80° and 14 atm [7(57]. Reduction using 
cobalt hydrocarbonyl HCo(CO)4 at 25° and 1 atm converted crotonaldehyde 
to butyraldehyde (yield 80%) with only a trace of butyl alcohol [762], A very 
selective reduction of a double bond in an unsaturated aldehyde was achieved 
by homogeneous catalytic hydrogenation {Procedure 8, p. 206) and by cata- 
lytic transfer of hydrogen using 10% palladium on charcoal and triethylam- 
monium formate. In citral, only the a, ^-double bond was reduced, yielding 
91% of citronellal (3,7-dimethyl-6-octenal) [317d\. 

Unsaturated aliphatic aldehydes were selectively reduced to unsaturated 
alcohols by specially controlled catalytic hydrogenation. Citral treated with 
hydrogen over platinum dioxide in the presence of ferrous chloride or sulfate 
and zinc acetate at room temperature and 3.5 atm was reduced only at the 
carbonyl group and gave geraniol (3,7-dimethyl-2,6-octadienol) [59], and 
crotonaldehyde on hydrogenation over 5% osmium on charcoal gave crotyl 
alcohol [763], 

Complex hydrides can be used for the selective reduction of the carbonyl 
group although some of them, especially lithium aluminum hydride, may 
reduce the a,^-conjugated double bond as well. Crotonaldehyde was con- 
verted to crotyl alcohol by reduction with lithium aluminum hydride [55], 
magnesium aluminum hydride [577], lithium borohydride [750], sodium boro- 
hydride [757], sodium trimethoxyborohydride [99], diphenyls tannane [774] and 
9-borabicyclo[3,3,l]nonane [764], A dependable way to convert a,^-un- 
saturated aldehydes to unsaturated alcohols is the Meerwein-Ponndorf 
reduction [765], 

Reduction of unsaturated aliphatic aldehydes to saturated alcohols was 

effected by catalytic hydrogenation over nickel catalysts [57, 760] and by 
electroreduction [7(5(5]. 



CH3CH2CH2CHO 

[ Zl ] H2/Pd,25%2 atm 
[762] HCo(CO)^,25'’ ,1 atm(80%) 
[327] Et^N-HC02H,10% Pd (C) 
100“, 8 hrs(81%) 



CH3CHJCHCHO 

CH3CH2CH2CH2OH 

[760] H2/Rsney Ni, 

125“, 100 atm, 5 hrs(94%) 

[ 31 ] H2/Ni,25“,2 atm, 8 hrs 
[766] electro, Pb cathode, 
Et0H,H2S0^,H20(83%) 



( 88 ) 

^1 

CH3CH=CHCH20H 

[76Z] H 2 / 5 % Os(C), 

100“, 52. 5-70 atm(90%) 
[53] LiAlH^,Et20(70^) 

[577] Mg(AlH^)2,Et20,25“(100%) 
[750] LiBH^,THF(70%) 

[752] NaBH^,H20(85%) 

[ 99 ] NaBH(0Me)^,Et20, reflux 

[764] 9 BBN,THF,0“(98%) 

[114] Ph2SnH2,Et20,25“(59%) 

[765] Al(OCHMe2)3,Me2CHOH, 
110“(60%) 
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Reduction of Aromatic Aldehydes 

Reduction of aromatic aldehydes can give three kinds of product: primary 
alcohols of benzylic type, methylated aromatics, or methylated alicyclic (or 
heterocyclic) compounds with fully hydrogenated rings. Since benzyl-type 
alcohols are easily, hydrogenolyzed, reduction to the alcohol sometimes re- 
quires careful control or special choice of reducing agent to prevent reduction 
of the aldehyde group to a methyl group. Total reduction requires rather 
energetic hydrogenation and occurs only after the hydrogenolysis of the 
carbon-oxygen bond. 

Conversion of aromatic aldehydes to alcohols is very easy and can be accom- 
plished by a variety of ways. Catalytic hydrogenation over almost any catalyst 
gives good yields of alcohols provided it is monitored to prevent deeper 
hydrogenation. Platinum and palladium catalysts tend to hydrogenolyze the 
alcohols to methyls and even to hydrogenate the rings if used in acidic media. 
Some reviewers of hydrogenations consider platinum better than palladium 
while others have found the opposite. At any rate, good yields of alcohols 
were obtained with either catalyst, especially when the hydrogenation was 
stopped after absorption of the amount of hydrogen required for the hydro- 
genation to the alcohol [30, 749, 767, 768], Addition of ferrous chloride in 
hydrogenations using platinum oxide proved advantageous [749], 

Nickel, Raney nickel and copper chromite are other catalysts suitable for 
hydrogenation of aldehydes to alcohols with little if any further hydrogeno- 
lysis. Benzaldehyde was hydrogenated to benzyl alcohol over nickel [43], 
Raney nickel [45] and copper chromite [50] in excellent yields. In the last- 
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> PHCH2OH 


PhCH- 


[767] 


H 2 /PC,EtOH, 20°,2 atm, 5 hrs 


(-100%) 




{767\ 


H 2 /Pt,AcOH, 2 C °,2 atm, 10 hrs 




80% 


\ 49] 


H2/Nl,EtOH,25‘’,l atm, 1.6 hrs 


91 % 




I 71 ] 


HC02H/Cu,200° 


56 % 


18% 


1753] 


NaH/FeCl^,THF.25",24 hrs 


85% 




1 83 ] 


LiAlH^ ,Et20, exothermic 


85% 




[770] 


LiAlH^/AlCl^.Et20,ref lux 30 min 


60% 




[750] 


LiBH, .Et^O, exothermic 
4’ 2 ’ 


91 % 




[ 99 ] 


NaBH(OMe) ^,Et20,ref lux 4 hrs 


78% 




[771] 


Bu.NBH, ,CH.C1„,0°^25®,24 hrs 
4 4 2 2 


91 % 




[109] 


B-3-Pinanyl-9-BBN, enantiomeric excess 


70% 




[772] 


Et^SiH/BF^,CH 2 Cl 2 , 0 ",ll min 




52% 


[756] 


Bu^SnH , Si02 , cyclohexane 


81% 




U24] 


Ph2SnH2,Et20,25° 


62% 




[773] 


Ll/NH^jTHF, tert-BuOH or NH^Cl 




- 90 % 


[262] 


Na„S^O, ,H„0,dioxane 
2 2 4 2 


84% 




[774] 


N2H^,K0H, 80-100“ 




79 % 


[7SS] 


Al,O„,Me„CH0H,CCl, ,25“,2.5 hrs 
2 3 2 4 


77 % 




[765] 


Al(OCHMe) Me CHOH, reflux 


55% 
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mentioned case the benzyl alcohol was accompanied by 8% of toluene [50]. 
Reduction of benzaldehyde by hydrogen transfer using formic acid and copper 
gave 56% of benzyl alcohol and 18% of toluene [77], Salicyl aldehyde was 
reduced by nascent hydrogen generated by dissolving Raney nickel alloy (50% 
nickel and 50% aluminum) in 10% aqueous sodium hydroxide. At a tempera- 
ture of 10-20° the product was saligenin (salicyl alcohol) (yield 77%), whereas 
at 90° a 76% yield of o-cresol was obtained [769]. 

Chemical reduction of aromatic aldehydes to alcohols was accomplished 
with lithium aluminum hydride [83], alane [770], lithium borohydride [750], 
sodium borohydride [757], sodium trimethoxy borohydride [99], tetrabutylam- 
monium borohydride [771], tetrabutylammonium cyanoborohydride [757], B-3- 
pinanyl-9-borabicyclo[3.3.1]nonane [109], tributylstannane [756], diphenylstan- 
nane [114], sodium dithionite [262], isopropyl alcohol [755], formaldehyde 
(crossed Cannizzaro reaction) [313] and others. 

The chiral reagent prepared in situ from ( -h )-a-pinene and 9-borabicyclo- 
[3.3,l]nonane reduced benzaldehyde-7-t7 to benzyl-/-^/ alcohol in 81.6% yield 
and 90% enantiomeric excess [109]. 



[ 109 ] 



PhCDO 




^ Phi 



D 




( 90 ) 



CHn 
I ^ 
CHo 



>3 



Phi 



QH 

H 



95% S 



Most of the above reagents do not reduce aromatic aldehydes beyond the 
stage of alcohols. Reagents which reduce via carbonium ion intermediates - 
alane [770] and triethylsilane with boron trifluoride [772], for example - tend 
to reduce the carbonyl group to the methyl group, especially in aldehydes 
containing electron-releasing groups which stabilize the carbonium inter- 
mediates. On the contrary, electron-withdrawing substituents favor reduction 
to alcohols only. 




CH2OH 
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Reduction of the carbonyl group in aromatic aldehydes to the methyl group 
was achieved by catalytic hydrogenation over palladium in acetic acid (yield 
86%) [775], or by energetic hydrogenation over nickel [43] or copper chromite 
[776], Fluorene-Ncarboxaldehyde gave 86% of 1-methylfluorene on hydro- 
genation over palladium on charcoal in acetic acid at room temperature and 
atmospheric pressure [775], and fural yielded 90-95% of a-methylfuran over 
copper chromite at 200-230° at atmospheric pressure [776], 

Triethylsilane in the presence of boron trifluoride [772] or trifluoroacetic 
acid [777] also reduced the aldehyde group to a methyl group. 

Electrolytic reduction using a lead cathode in 20% sulfuric acid converted 
pyridine a-carboxaldehyde to a mixture of 41% of a-picoline, 25% of a- 
pipecoline and 1 1% of 2-methyl- 1,2, 3,6-tetrahydropyridine [443], 

Reduction of benzaldehyde and p-alkylbenzaldehydes to the corresponding 
hydrocarbons was carried out by lithium in liquid ammonia and tetrahydro- 
furan in the presence of /er/-butyl alcohol or ammonium chloride (yields 90- 
94%) [773], 

Like any aldehydes aromatic aldehydes undergo Clemmensen reduction 
[755, 778] and Wolff-Kizhner reduction [759, 774] and give the corresponding 
methyl compounds, generally in good yields. The same effect is accomplished 
by conversion of the aldehydes to p-toluenesulfonyl hydrazones followed by 
reduction with lithium aluminum hydride (p. 106). 

Reduction of aromatic aldehydes to pinacols using sodium amalgam is quite 
rare. Equally rare is conversion of aromatic aldehydes to alkenes formed by 
deoxygenation and coupling and accomplished by treatment of the aldehyde 
with a reagent obtained by reduction of titanium trichloride with lithium in 
dimethoxyethane. Benzaldehyde thus afforded trans^stilhenc in 97% yield 
[206, 209], 

Hydrogenation of the nuclei in aromatic aldehydes is possible by catalytic 
hydrogenation over noble metals in acetic acid and is rather slow [767], 

A typical example of an unsaturated aromatic aldehyde is cinnamaldehyde. 
Hardly any other aldehyde has become so extensively employed for testing 
new reagents for their selectivity. The a,jS-double bond is conjugated not only 
with the aldehyde carbonyl group but also with the aromatic ring, which 
makes it readily reducible. Consequently the development of a selective 
method for reducing cinnamaldehyde to hydrocinnamaldehyde or to cinnam- 
yl alcohol is a great challenge. 

Reduction of the double bond only was achieved by catalytic hydrogenation 
over palladium prepared by reduction with sodium borohydride. This catalyst 
does not catalyze hydrogenation of the aldehyde group [57]. Also sodium 
borohydride-reduced nickel was used for conversion of cinnamaldehyde 
to hydrocinnamaldehyde [31]. Homogeneous hydrogenation over 
tris(triphenylphosphine)rhodium chloride gave 60% of hydrocinnamalde- 
hyde and 40% of ethylbenzene [56]. Raney nickel, by contrast, catalyzes total 
reduction to hydrocinnamyl alcohol [45], Total reduction of both the double 
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bond and the carbonyl group was also accomplished by electrolysis [766\ and 
by refluxing with lithium aluminum hydride in ether [57 6 ^ 609\. 



PHCH2CH2CH0 

[37 1 H^/Pd.CMeOH) ,25°,2 atm 
[37] H2/Ni,(MeOH),25'’,2 atm 
[ S6 ] H2/(Ph^P)3RhCl,EtOH, 
60®, 5. 6 atm(54%)* 



— phchk:hcho 

PHCH2CH2CH2OH 

[ 45 ] H^/Raney Ni, 

25-30®, 1-3 atro(10O%) 

[766] electro, Pb cathode, 20-25® 
H2S0^,Et0H,Ac0Et,H20(55%) 
[609] LlAlH^,Et20, 

reflux 30 min(93%) 



(92) 

PhCH<HCH20H 

[?ez] H 2 / 5 % Os(C), 

lOO®, 53-70 atm(95%) 
[609] LiAlH^,Et20,-10®(90%) 
[779] LiAlH^/AlCl3,Et20(90%) 
[757] NaBH^,H20(97%) 

[777] Bu^NBH^,CH2Cl2,25®(66%) 
[730] NaBH3CN.Me0H(80%) 

[ 99 ] NaBH(0Me)3,Et2O, 
reflux 4 hrs(79%) 

[781] BH3-Me2S,THF,20° (82%) 

[764] 9-BBN,THF,25“(86%) 

[114] Ph2SnH2,Et20,25®(75%) 
[755] Al203,Me2CH0H,CCl^, 

25®, 2 hrs(82%) 

[765] Al(0CHMe2)3,Me2CH0H, 
ref lux(68%) 



Ethylbenzene was obtained as by-product in 36% yield. 
Inverse technique 



Many more examples exist for reduction of the carbonyl only. Over an 
osmium catalyst [763] or platinum catalyst activated by zinc acetate and 
ferrous chloride [782] cinnamaldehyde was hydrogenated to cinnamyl alcohol. 
The same product was obtained by gentle reduction with lithium aluminum 
hydride at —10° using the inverse technique [609], by reduction with alane 
(prepared in situ from lithium aluminum hydride and aluminum chloride) 

[779] , with sodium borohydride [751], with tetrabutylammonium borohydride 
[771], with sodium trimethoxy borohydride [99], with sodium cyanoborohydride 

[780] , with 9-borabicyclo[33J]nonane [764], with borane-dim&\hy\ sulfide 
complex [781], with diphenyls tannane [114], and with dehydrated alumina 
soaked with isopropyl alcohol [755]. Reduction of furalacetaldehyde (j?-(a- 
furyl)acrolein) with ethanol and aluminum ethoxide in xylene at 100° for 2 
hours gave 60-70% jS-(a-furyl)allyl alcohol [783]. 

On rare occasions the aldehyde group in an a,/l-unsaturated aromatic alde- 
hyde was reduced to a methyl group. 6-Benzyloxyindole-3-carboxaldehyde was 
transformed to 6-benzyloxy-3-methylindole by sodium borohydride in isopro- 
pyl alcohol in the presence of 10% palladium on charcoal (yield 89%) [784]. 

Reduction of unsaturated aromatic aldehydes to unsaturated hydrocarbons 
poses a serious problem, especially if the double bond is conjugated with the 
benzene ring or the carbonyl or both. In Clemmensen reduction the ol,P- 
unsaturated double bond is usually reduced [160], and in Wolff-Kizhner 
reduction a cyclopropane derivative may be formed as a result of decompo- 
sition of pyrazolines formed by intramolecular addition of the intermediate 
hydrazones across the double bonds [280]. The only way of converting un- 
saturated aromatic aldehydes to unsaturated hydrocarbons is the reaction of 
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the aldehyde with /?-toluenesulfonylhydrazide to form p-toluenesulfonylhy- 
drazone and its subsequent reduction with borane. The reduction is accom- 
panied by a double bond shift [785, 786\. 

Conversion of unsaturated aromatic aldehydes to saturated hydrocarbons can 
be realized by Clemmensen reduction [160]. 



REDUCTION OF DERIVATIVES OF ALDEHYDES 



Halogenated aldehydes are usually reduced without the loss of the halogen 
[774]. In many reductions the rate of reduction of the carbonyl group is higher 
than that of the hydrogenolysis of most carbon-^halogen bonds. Use of alkali 
metals and zinc for the reduction may involve some risk, especially if a reactive 
halogen is bonded in the position a to a carbonyl [160]. In such cases even 
Meerwein-Ponndorf reduction may lead to complications because of the 
reaction of the halogen with the alcoholic group in alkaline medium [309]. 

In nitro aldehydes both the nitro group and the aldehyde group are readily 
reduced by catalytic hydrogenation. It may be difficult, if not impossible to 
hydrogenate either function separately. More dependable methods are reduc- 
tion by alane [787] or by isopropyl alcohol and aluminum isopropoxide {Meer- 
wein-Ponndorf) [788] to nitro alcohols, and by stannous chloride [789, 790], 
titanium trichloride [590] or ferrous sulfate [218] to amino aldehydes {Procedure 
38, p. 214). 



CHO 




[ 787] P-NO 2 : LiAlH^/AlCl^ ,EC20(75%) 

[ 788] : A1 ( 00 ^ 62)3 ,Me2CHOH(83%) 






CHO 




[218] o-NH2:FeS0^,H2O,90’’ (69-75%) 

[ 789] m-NH 2 :SnCl 2 ,HCl ,100“ (59-66%) 



( 93 ) 



Hydroxy aldehydes are reduced to hydroxy alcohols without complications. 
In benzyl ethers of phenol aldehydes the benzyl group was hydrogenolyzed in 
preference to the reduction of the carbonyl by catalytic hydrogenation over 
10% palladium on charcoal at room temperature and 2 atm to give phenol 
aldehyde [791]. 

A peculiar reduction occurred on treatment of a dialdehyde, diphenyl-2,2'- 
dicarboxaldehyde, with tris(dimethylamino)phosphine at room temperature: 
phenanthrene-9, 10-oxide was formed in 81-89% yield [302\. 

Acetals of aldehydes are usually stable to lithium aluminum hydride but are 
reduced to ethers with alane prepared in situ from lithium aluminum hydride 
and aluminum chloride in ether. Butyraldehyde diethyl acetal gave 47% yield 
of butyl ethyl ether, and benzaldehyde dimethyl acetal and diethyl acetal 
afforded benzyl methyl ether and benzyl ethyl ether in 88% and 73% yields, 
respectively [792]. 
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2-Tetrahydrofuranyl and 2-tetrahydropyranyl alkyl ethers, being acetals, 
resist lithium aluminum hydride but are reduced by alane prepared from 
lithium aluminum hydride and aluminum chloride or boron trifluoride eth- 
erate. Exocyclic reductive cleavage gives tetrahydrofuran or tetrahydropyran 
and alcohols (yields 5-90%) whereas endocyclic reductive cleavage affords 
4-hydroxybutyl or 5-hydroxypentyl alkyl ethers, respectively (yields 10-79%). 
Which of the cleavages takes place depends on the structure of the alkyl 
groups and is affected both by electronic and steric effects. Use of aluminum 
chloride gives better yields with tertiary alkyl groups while boron trifluoride 
etherate favors better yields with secondary and especially primary alkyl 
groups [793]. 
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Sulfur analogs, 2-tetrahydrofuranyl and 2-tetrahydropyranyl thioethers, 



were reduced by alane to alkyl 4- or alkyl 5-hydroxyalkyl thioethers resulting 
from the preferential reductive cleavage of the carbon-oxygen (rather than 
the carbon-sulfur) bond. Thus refluxing for 2 hours with alane in ether 
converted 2-alkylthiotetrahydrofurans to alkyl 4-hydroxybutyl thioethers in 
63-72% yields, and 2-alkylthiotetrahydropyrans to alkyl 5-hydroxypentyl 
thioethers in 58-82% yields [794\. 

Cyclic five-membered mono- and dithioacetals were reduced with calcium in 
liquid ammonia to give )S-alkoxy- and jS-thioalkoxymercaptans, respectively: 
RCH 2 OCH 2 CH 2 SH and RCH 2 SCH 2 CH 2 SH. Benzaldehyde ethylenedi- 
thioacetal, on the other hand, gave toluene (75%), and phenylacetaldehyde 
ethylenedithioacetal gave ethylbenzene (71% yield) [7P5]. 

Mercaptals (dithioacetals) and cyclic mercaptals (prepared from aldehydes 
and ethanedithiol or 1,2-propanedithiol) are easily desulfurized by refluxing 
with an excess of Raney nickel in ethanol, and give hydrocarbons in good 
yields [796, 797], If the molecule of the mercaptal contains a function reducible 
by hydrogen, Raney nickel must be refluxed for several hours in acetone prior 
to the desulfurization to remove the hydrogen adsorbed on its surface [46], 
Desulfurization of mercaptals can also be achieved by heating of the mercap- 
tal with 3-4 equivalents of tributylstannane and a catalytic amount of azo- 
bis(isobutyronitrile) for 1.5 hours at 80° and distilling the mixture in vacuo 
[798] or on treatment of the mercaptal with sodium in liquid ammonia [799], 
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These reactions represent a gentle method for conversion of aldehydes to 
hydrocarbons in yields of 40-95% and are frequently used, especially in 
saccharide chemistry [796, 797, 798], 




Cinnamaldehyde diacetate was reduced by heating at 100° with iron in 50% 
acetic acid to cinnamyl acetate in 60.7% yield [500]. 

2-Alkylaminotetrahydropyrans may be considered derivatives of aldehydes. 
They are reductively cleaved by lithium aluminum hydride to amino alcohols. 
Thus 2-(A^-piperidyl)tetrahydropyran afforded, after refluxing for 2 hours 
with 2 mol of lithium aluminum hydride in ether, 5-piperidino-l-pentanol in 
82% yield [507]. 

Alkyl or aryl aldimines (Schiff’s bases) gave, on reduction, secondary 
amines. Reduction was carried out by catalytic hydrogenation over platinum 
[502] and over nickel in good yields [803, 804], by lithium aluminum hydride in 
refluxing ether or tetrahydrofuran, by sodium aluminum hydride, lithium bo- 
rohydride and sodium borohydride [805], by sodium amalgam [806] and by 
potassium-graphite [807], generally in fair to excellent yields. In the reduction 
of JV-cyclopropylbenzaldimine the energetic action of lithium aluminum hy- 
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dride not only reduced the carbon-nitrogen double bond but also cleaved the 
three-membered ring and yielded benzylpropylamine [505]. 

Aldimines derived from aromatic aldehydes suffered hydrogenolysis in 
hydrogenation over palladium at 1 17-120° at 20 atm and gave products in 
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which the original aldehyde group was transformed to methyl group (yields 
62-72%) [808], 

Aldoximes yielded primary amines by catalytic hydrogenation: benzaldehyde 
gave benzylamine in 77% yield over nickel at 100° and 100 atm [803], with 
lithium aluminum hydride (yields 47-79%) [809], with sodium in refluxing 
ethanol (yields 60-73%) [810] and with other reagents. Hydrazones of alde- 
hydes are intermediates in the Wolff-Kizhner reduction of the aldehyde group 
to a methyl group (p. 97) but are hardly ever reduced to amines. 

p-Toluenesulfonylhydrazones of aldehydes prepared from aldehydes and p- 
toluenesulfonhydrazide are reduced by lithium aluminum hydride [811, 812], 
sodium borohydride [785, 811], sodium cyanoborohydride [813], or with 
bis(benzyloxy) borane prepared in situ from benzoic acid and borane-tetra- 
hydrofuran complex [786], The aldehyde group is converted to the methyl 
group. If sodium cyanoborohydride is used as the reducing agent the tosylhy- 
drazones may be prepared in situ since the cyanoborohydride does not reduce 
the aldehydes prior to their conversion to the tosylhydrazones. Thus the 
above sequence represents a method for the reduction of aldehydes to hydro- 
carbons under very gentle reaction conditions. It is therefore suitable even 
for reduction of a,/?-unsaturated aldehydes which cannot be reduced by 
Clemmensen or Wolff-Kizhner reductions. Rearrangement of the double 
bond accompanies the reduction of tosylhydrazones of a,)?-unsaturated al- 
dehydes [785, 786], 
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CgHigj NaBHgCN,DMF-C^HgSO2,10O-10'>°,4 hrs 
C11H23J NaBH^.WeOH 
6-Naphthyl, LiAlH^,THF, ref lux 12 hrs 
6-Indolyl,LiAlH^,THF, reflux 12 hrs 






( 97 ) 



RCH3 + N2 



78% 

66 % 

60-70% 

70% 

35-40% 



RCH=CHCH=NNHS02C7H7 



.CH^H2 

H-N^ 



^N^NH 
RCH=CHCH- 



( 98 ) 



2 

C7H7 



RCH2CH=CH2 



R- 

[7<95] CH3J NaBH2^,AcOH,25“,l hr, 70", 1.5 hrs 
[786] C0H5; BHg*THF,BzOH,CHCl3,0",l hr 



42-56% 

85 % 
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REDUCTION OF KETONES 

The immense number of reductions performed on ketones dictates subdivi- 
sion of this topic into reductions of aliphatic, alicyclic, aromatic and un- 
saturated ketones. However, since differences in behavior toward reduction 
are very small between aliphatic and alicyclic ketones the section on reduc- 
tions of alicyclic ketones includes only specific examples due to stereochem- 
istry of the ring systems. 

Reduction of Aliphatic Ketones 

Reduction of saturated ketones to alcohols is very easy by many means but is 
distinctly slower than that of comparable aldehydes. It is frequently possible 
to carry out selective reductions of the two types (p. 97). 

Alcohols were obtained by catalytic hydrogenation. While palladous oxide 
proved ineffective [38, 8J4], hydrogenation over platinum oxide and especially 
rhodium-platinum oxide [38], and over platinum, rhodium and ruthenium, 
was fast and quantitative at room temperature and atmospheric pressure [38, 
8J4]. Under comparable conditions Raney nickel and nickel prepared by 
reduction of nickel acetate with sodium hydride in the presence of sodium 
alkoxides [49] have also been used and gave excellent yields. Normal nickel 
[43] as well as copper chromite [50] catalyst required high temperatures (100- 
150°) and high pressures (100-165 atm) and also gave almost quantitative 
yields. Moderate to good yields were obtained by reduction of ketones with 
50% nickel-aluminum alloy in 10% aqueous sodium hydroxide [769]. This is 
somewhat surprising since the reduction was carried out under conditions 
favoring aldol condensation. 

Transformation of ketones to alcohols has been accomplished by many 
hydrides and complex hydrides: by lithium aluminum hydride [5i], by magne- 
sium aluminum hydride [89], by lithium tris{tert-butoxy)aluminum hydride 
[815], by dichloroalane prepared from lithium aluminum hydride and alu- 
minum chloride [816], by lithium borohydride [750], by lithium triethylboro- 
hydride [100], by sodium borohydride [751, 817], by sodium trimethoxy borohy- 
dride [99], by tetrabutylammonium borohydride [771] and cyanoborohydride 
[757], by chiral diisopinocampheylborane (yields 72-78%, optical purity 13- 
37%) [818], by dibutyl- and diphenyls tannane [114], tributylstannane [756] and 
others {Procedure 21, p. 209). 

As a consequence of the wide choice of hydride reagents the classical 
methods such as reduction with sodium in ethanol almost fell into oblivion 
[819, 820], Nevertheless some old reductions were resuscitated. Sodium di- 
thionite was found to be an effective reducing agent [262], and the reduction 
by alcohols [309] was modified to cut down on the temperature [755] or the 
time required [821], or to furnish chiral alcohols (‘in good yields and excellent 
optical purity’) by using optically active pentyl alcohol and its aluminum salt 
[822]. Formation of chiral alcohols by reduction of pro-chiral ketones is 
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discussed at length in the sections on cyclic and aromatic ketones (p. 111). 
Another, better way for the preparation of optically active hydroxy com- 
pounds is biochemical reduction using microorganisms. Such reductions fre- 
quently apply to polyfunctional derivatives such as unsaturated ketones, 
hydroxyketones, keto acids, etc., and are dealt with in the appropriate sections 



(pp. 117, 118, 125 and 143), 

(99) 

RCOCH3 > RCH (OH) CH3 

R= 

] CH3J /Raney Ni, 25-30°, 1-3 atm, 38 min 100% 

CH3J H2/Ni,125°.165 atm,1.5 hrs 88-100% 

CH3j H2/CuCr20^, 150°, 100-150 atm, 42 min 100% 

155 1 C 2 H 3 J LiAlH^,Et 20 ,reflux 80% 

{750] C 2 H 3 J LiBH^,Et20,reflux 77% 

[751] C 2 H 3 J NaBH^ ,Me0H-H20 87% 

[818] C2H^J Diisopinocampheylborane ,THF,-30° 73%* 

[822] C2H5; EtMeCHCH20H,Al(0CH2CHMeEt)2,reflux 3 hrs 94.6%** 

[769] C3H7; Ni-Al,NaOH, 80-90°, 1 hr 54% 

[771] (CH3)3Cj Bu^NBH^.CHCl^.reflnx 5.5 hrs 91% 

[821] (CH3)3Cj iso-PrOH,Al(0-iso“Pr)^, reflux 1 hr 36% 

[524] (CH3)2CHCH2CH2; electro, Cd cathode, dild. H2S0^,Et0H 83.5% 

[441] CgH23J L1A1H^-4 C^H^N,25°,.12 hrs 69% 

[577] C 5 H 23 ; NaBH^,H20,Al203 90% 

[262] Na2S20^,DMF-H20,reflux 4 hrs 75% 

[^57] CgHjgJ Bu^NBH3CN,HMPA,25° 84% 

[819] CgHjgJ Na ,EcOH,ref lux 75% 

* Optical purity 16.5% 

** Optically active 



For the reduction of aUphatic ketones to hydrocarbons several methods are 
available: reduction with triethylsilane and boron trifluoride [772], Clemmensen 
reduction [160, 758] (p. 28), Wolff-Kizhner reduction [280, 281, 759] (p. 34), 
reduction of p-toluenesulfonylhydrazones with sodium borohydride [785], 
sodium cyanoborohydride [57i] or borane [786] (p. 134), desulfurization of 
dithioketals (mercaptoles) [799, 823] (pp. 1 30, 1 3 1 ) and electroreduction [824]. 



( 100 ) 

RCOCH3 RCH2CH3 

R= 

[^55] C 0 H 23 ; N2H^-H20,H0(CH2CH20)3H,Ac0H, 130-180°, 

Me0Na,H0(CH2CH20)3H, 190-200°, 0.5-1. 5 hrs 66% 

[786] C0H23; TosNHNH 2 ,EtOH; BH3‘THF,Bz0H,CHCl3 ,1 hr 78% 

[755] CgH27j o-CgH^(SH) 2 ,TosOH; Na/NH^ 98% 

[772] CgHjg; Et 3 SiH/BF 3 ,CH 2 Cl 2.1 hr 80% 

[758] CgHjg; ZnHg,HCl,ref lux 24 hrs 87% 

[573] CgHjg; TosNHNH2,DMF-C^HgS02,NaBH3CN, 100-105°, 4 hrs 86% 
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Somewhat less frequent than the reductions of aliphatic ketones to second- 
ary alcohols and to hydrocarbons are one-electron reductions to pinacols. 
These are accomplished by metals such as sodium, but better still by magne- 
sium or aluminum. Acetone gave 43-50% yield of pinacol on refluxing with 
magnesium amalgam in benzene [140], and 45% and 51% yields on refluxing 
in methylene chloride or tetrahydrofuran, respectively [825], 

An interesting deoxygenation of ketones takes place on treatment with low 
valence state titanium. Reagents prepared by treatment of titanium trichloride 
in tetrahydrofuran with lithium aluminum hydride [205], with potassium 
[206], with magnesium [207], or in dimethoxyethane with lithium [206] or 
zinc-copper couple [206, 209] convert ketones to alkenes formed by coupling 
of the ketone carbon skeleton at the carbonyl carbon. Diisopropyl ketone 
thus gave tetraisopropylethylene (yield 37%) [206], and cyclic and aromatic 
ketones afforded much better yields of symmetrical or mixed coupled prod- 
ucts [206, 207, 209], The formation of the alkene may be preceded by pinacol 
coupling. In some cases a pinacol was actually isolated and reduced by low 
valence state titanium to the alkene [206] (p. 118). 

Reduction of Aromatic Ketones 

Like aliphatic ketones, aromatic and aromatic aliphatic ketones are reduced to 
alcohols very easily. Since the secondary alcoholic group adjacent to the 
benzene ring is easily hydrogenolyzed, special precautions must be taken to 
prevent the reduction of the keto group to the methylene group, especially in 
catalytic hydrogenations. 

An interesting example of hydrogenation with hydrogen in the absence of 
transition metal catalyst is reduction of benzophenone to benzhydrol with 
hydrogen in /er/-butyl alcohol containing potassium /er/-butoxide at 150- 
210'" and 96-135 atm. Although the yields range from 47 to 98% the method 
is not practical because of its drastic conditions, and because of a cornucopia 
of more suitable reductions. 

Catalytic hydrogenation of aromatic ketones was successful over a wide 
range of catalysts under mild conditions (25°, 1 atm). Of the noble metal 
family some metals more than others tend to hydrogenolyze the alcohol 
formed, and/or saturate the ring. Evaluation of some metal catalyst is based 
on hydrogenation of acetophenone as a representative [55, 814], 

While palladium proved ineffective in reducing aliphatic and alicyclic 
ketones it is the catalyst of choice for reduction of acetophenone: it does not 
hydrogenate the ring, and in proper solvents reduction may stop at the stage 
of the alcohol without hydrogenolysis. Over platinum oxide in ethanol reduc- 
tion to 1-phenylethanol is fast and proceeds further only slowly while in acetic 
acid up to 84% of completely hydrogenolyzed and saturated product, ethyl- 
cyclohexane, was obtained. Rhodium-platinum oxide in ethanol or acetic 
acid facilitates quantitative reduction to 1-cyclohexylethanol with a slight 
hydrogenolysis (6%) [55]. Use of palladium and platinum oxides in acetic acid 
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with added hydrochloric acid enhances hydrogenation to ethylbenzene [38]. 
Compared with palladium, platinum favors more extensive hydrogenolysis, 
and rhodium favors both hydrogenolysis and hydrogenation of the ring 
[S14]. 

In contrast to hydrogenation over noble metals hydrogenation of aceto- 
phenone over different nickel catalysts and over copper chromite results in 
the formation of 1-phenylethanol without hydrogenolysis [43, 45, 49, 50]. 

Hydrogenation of the acetophenone analogs, isomeric acetylpyridines, is 
more complicated. 2-Acetylpyridine hydrogenated over 5% palladium on 
charcoal in 95% ethanol gave, at room temperature and 3 atm, 79% yield of 
2-(l-hydroxyethyl)pyridine, also obtained over Raney nickel. Hydrogena- 
tions over platinum oxide or rhodium afforded, in addition to 60-70% of the 
above alcohol, 23-25% of the starting material and varying amounts of 2- 
(1 -hydroxy )piperidine resulting from the ring hydrogenation. 3-Acetylpyri- 
dine was hydrogenated over 5% palladium on charcoal in ethanol to a mixture 
of 70% of 3-acetyl- 1 ,4,5,6-tetrahydropyridine and 7.2% of 3-acetylpiperidine. 
Treatment of 4-acetylpyridine with hydrogen over platinum oxide in 95% 
ethanol yielded 62% of 4-(l-hydroxyethyl)pyridine and 15% of a pinacol, 
2,3-bis(4-pyridyl)-2,3-butanediol. The pinacol was also obtained in 60% yield 
in hydrogenation over palladium on charcoal or over rhodium on alumina, 
in 75-80% yield over platinum oxide, and in 90% yield over Raney nickel in 
alcohol [826]. This formation of a pinacol in catalytic hydrogenation is 
unique. 

Surprisingly good results in the reduction of aromatic ketones were 
obtained in treating the ketones with a 50% nickel-aluminum alloy in 10- 1 6% 
aqueous sodium hydroxide at temperatures of 20-90° (yields 65-90%) [769, 
827]. 

Very dependable reduction of aromatic ketones to secondary alcohols is 
accomplished by hydrides and complex hydrides: lithium aluminum hydride 
[83, 828], lithium tetrakis(N-dihydropyridy[)aluminate (diaryl ketones only) 
[441], lithium borohydride [750], lithium triethylborohydride [100], sodium 
bis(2‘methoxyethoxy)aluminum hydride [544], sodium borohydride [751, 817], 
sodium trimethoxyborohydride [99], tetrabutylammonium borohydride [771], 
tetrabutylammonium cyanoborohydride [757], diphenylstannane [114] and 
others, generally in good to excellent yields with practically no hydrogenolysis 
of the alcohol. As a consequence, reduction with metals almost ceased to be 
used, and other reducing reagents are used only sporadically. Some of these 
are sodium dithionite [262], alcohols (especially isopropyl alcohol) in Meer- 
wein-Ponndorf reduction [309] or its modifications such as shorter periods of 
heating without the time-consuming removal of acetone [821, 829], and al- 
dehydes (formaldehyde or salicyl aldehyde, suitable only for purely aromatic 
ketones) [314]. Reduction of aromatic ketones by Grignard reagents [323] 
lacks practical importance (Scheme 101, p. 111). 

As in catalytic hydrogenation, in reduction with metals alkyl pyridyl 
ketones make a complex picture. 
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( 101 ) 



PhCOMe PhCH(0H)Me 

[ 49 ] H2/Ni-NaH,EtOH,25‘’a atm, 2. 5 hrs 92% 

[ 4S ] H2/Raney Ni, 25-30° , 1-3 atm, 22 min 100% 

[43 1 H2/Ni,Et0H,175°,160 atm, 8 hrs 60% 

[SO ] H2/CuCr20^, 150°, 100-150 atm, 30 min 100% 

[770} LiAlH^/AlCl^,Et20, reflux 30 min 94% 

[5441 NaAlH2(OCH2CH20Me)2,CgH^,20-40°,6 min 95% 

[99 ] NaBH(OMe)2,Et20,reflux 4 hrs 82% 

[771] Bu^NBH^,CHCl^,reflux 2 hrs 91% 

[769] Ni-Al alloy, 10% aq. NaOH, 10-20° 75% 

[822] MeEtCHCH20H,Al(0CH2CHMeEt)^,reflux 10 hrs 80% 

[262] Na2S20^,DMF-H20, reflux 4 hrs 94% 



2-Acetyl- and 4-acetylpyridines reduced by refluxing for 8 hours with 
amalgamated zinc in hydrochloric acid (Clemmensen reduction) gave 83% and 
86% yield of pure l-(2-pyridyl)ethanol and l-(4-pyridyl)ethanol, respectively. 
On the other hand, reduction by refluxing for 8 hours with zinc dust in 80% 
formic acid yielded, respectively, 86% and 64% of pure 2-ethyl- and 4-ethyl- 
pyridine. Refluxing with zinc dust and acetic acid for 9 hours gave mixtures 
of the alcohols and alkylpyridines. 3-Acetylpyridine afforded 14% of l-(3- 
pyridyl)ethanol by the first method, 65% of 3-ethylpyridine by the second 
method, and by refluxing with zinc dust in acetic acid mainly the alcohol and 
also a pinacol, 2,3-bis(3-pyridyl)-2,3-butanediol [830]. 

Special attention should be directed to reductions of pro-chiral ketones by 
chiral reducing agents that lead to chiral secondary alcohols. Such reagents 
were prepared for example by treatment of (25,55j- and (2R,JR)-7,-^- 
bis(diethylamino)-2,3-butanediol with lithium aluminum hydride [831] or by 
adding borane [108] or 9-bora[3.3.1]bicyclononane [109] to optically active a- 
pinene. Reductions with such boranes gave alcohols of varying optical puri- 
ties. Treatment of acetophenone with the first reagent afforded 1 -phenyl- 
ethanol in 65% yield and 9% optical purity, and treatment with the second 
reagent gave the alcohol in 78% of enantiomeric excess [818, 832]. 

Another way of preparing optically active alcohols ‘in good yields and 
excellent optical purity’ is based on reduction of pro-chiral ketones with the 
aluminum salt of optically active amyl alcohol (pentyl alcohol) [822]. 

Alcohols of highest enantiomeric excess were obtained by biochemical 
reductions using microorganisms. Acetophenone gave 90% yield of ( — )-S-l- 
phenylethanol after incubation with Cryptococcus macerans. Other ketones 
were reduced in much lower conversions (2-41%) by Sporobolomycetes par- 
aroseus [5JJ]. a-, P~ and y-acetylpyridines were similarly reduced by Crypto- 
coccus macerans to the corresponding (— )-S-l-pyridylethanols of 79-85% 
enantiomeric excess [834]. The S configuration predicted by Prelog’s rule (if 
the ketone is placed with the larger group on the observer’s left, the hydroxyl 
group formed is closer to the observer [835]) was confirmed by chemical 
means [834]. Treatment of l,2-di()S-pyridyl)-2-methyl-l-propanone with Bo- 
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tryodiplodia theobromae Pat. afforded (—)-l,2-di(jS-pyridyl)-2-me thy 1-1 -pro- 
panol of 99% optical purity in 90% yield [836\. 

In ketones having a chiral cluster next to the carbonyl carbon reduction 
with lithium aluminum hydride gave one of the two possible diastereomers, 
erythro or threo, in larger proportions. The outcome of the reduction is 
determined by the approach of the reducing agent from the least hindered 
side (steric control of asymmetric induction) [828]. With lithium aluminum 
hydride as much as 80% of one diasteromer was obtained. This ratio is higher 
with more bulky reducing hydrides [837]. 

One-electron reduction of aromatic ketones gives pinacols. Exceptionally 
such a reduction was achieved by catalytic hydrogenation of 3-acetylpyridine 
[826] (p. 110). Common reducing agents for the synthesis of pinacols are 
metals: aluminum amalgam [144] {Procedure iO, p. 212), zinc in acetic acid 
and magnesium with magnesium iodide [839]. An excellent yield of 
tetraphenylpinacol was obtained by irradiation of benzophenone dissolved in 
isopropyl alcohol [308]. 

Titanium in a low valence state, as prepared by treatment of solutions of 
titanium trichloride with potassium [206] or magnesium [207] in tetrahydro- 
furan or with lithium in dimethoxyethane [206], deoxygenates ketones and 
effects coupling of two molecules at the carbonyl carbon to form alkenes, 
usually a mixture of both stereoisomers. If a mixture of acetone with other 
ketones is treated with titanium trichloride and lithium, the alkene formed by 
combination of acetone with the other ketone predominates over the sym- 
metrical alkene produced from the other ketone [206] {Procedure 39, p. 215). 



PhCOPh 

[Z06\ TiCl^, Li, (CH20Me)2, reflux 16 hrs 
[8J8] Zn, Ac OH, heat 
[539] Mg,Mgl2,Et20,C^H^ 

{308\ Me^CHOH.hv, 3-5 hrs 

[281] N2H^*H20,NaOH,HO(CH2CH20)3H 



Ph2C=CPh2 


PhoC-CPh. 
^ 1 1 ' 




HO OH 


96% 


92% 




99.6% 




93-94% 



PhCH2Ph (102) 



83.3% 



Reduction of aromatic ketones to hydrocarbons occurs very easily as the 
carbonyl group is directly attached to an aromatic ring. In these cases reduc- 
tion produces benzylic-type alcohols which are readily hydrogenolyzed to 
hydrocarbons. This happens during catalytic hydrogenations as well as in 
chemical reductions. 

Carbonyl groups adjoining an aromatic ring have been converted to 
methylene in good to excellent yields by hydrogenation over palladium and 
platinum catalysts in acetic and hydrochloric acid at room temperature and 
atmospheric pressure [55, 840] (p. 100), over Raney nickel [428] or over copper 
chromite [428] at 130-175° and 70-350 atm, and over molybdenum sulfide at 
270° and 1 00 atm [55]. Aromatic ketones containing pyrrole [428] and pyridine 
rings [826] must not be hydrogenated under too vigorous conditions if the 
aromatic rings are to be preserved. In the case of 2,4-diacetyl-3,5-dimethyl- 
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pyrrole temperature during the hydrogenation over Raney nickel or copper 
chromite should not exceed 180° [428], 

Reduction of carbonyl to methylene in aromatic ketones was also achieved 
by alane prepared from lithium aluminum hydride and aluminum chloride 
[770], by sodium borohydride in trifluoroacetic acid [841], with triethylsilane in 
trifluoroacetic acid [335, 777], with sodium in refluxing ethanol [842], with zinc 
in hydrochloric acid [843] and with hydrogen iodide and phosphorus [227], 
generally in good to high yields. 

However, most frequently used methods for reduction of aromatic ketones 
to hydrocarbons are, as in the case of other ketones, Clemmensen reduction 
[160, 161, 758, 843, 844] {Procedure 31, p. 213), Wolff-Kizhner reduction 
[280, 281, 282, 759, 774, 845] {Procedure 45, p. 216), or reduction of p-toluene- 
sulfonylhydrazones of the ketones with lithium aluminum hydride [811, 812] 
or with borane and benzoic acid [786], 

Reduction of carbocyclic rings in aromatic ketones can be accomplished by 
catalytic hydrogenation over platinum oxide or rhodium-platinum oxide and 
takes place only after the reduction of the carbonyl group, either to the 
alcoholic group, or to a methylene group [35]. 

In heterocyclic aromatic ketones containing pyrrole and pyridine rings 
partial or total reduction of the ring may precede hydrogenation of the keto 
group. Hygrine was hydrogenated over platinum oxide in acetic acid at 20° 
and 1 atm to (A^-methyl-2-pyrrolidinyl)acetone in 60% yield [432], On the 
other hand, in 2,4-diacetyl-3,5-dimethylpyrrole hydrogenation of the pyrrole 
ring required temperatures of 180° for Raney nickel and 250° for copper 
chromite to give 2,4-diethyl-3,5-dimethylpyrrolidine in 70% and 50% yields, 
respectively [428], In the hydrogenation of 3-acetylpyridine over 5% palla- 
dium on charcoal in ethanol the keto group survived the reduction to 3- 
acetyl-l,4,5,6-tetrahydropyridine (70%) and 3-acetylpiperidine (7.2%) [826] 
(p. 110). In 4-acetylquinoline the pyridine ring was reduced to the 1,2- 
dihydro- and 1,2,3,4-tetrahydro derivatives, but only after the conversion of 
the acetyl group to an ethyl group [319], 



Reduction of Cyclic Ketones 

All reducing agents used for reductions of aliphatic and aromatic ketones can 
be used for reduction of cyclic ketones to secondary alcohols (pp. 107 and 109). 
In fact, reduction of cyclic ketones is sometimes easier than that of both the 
above mentioned categories [262], What is of additional importance in the 
reductions of cyclic ketones is stereoselectivity of the reduction and stereo- 
chemistry of the products. 

According to the older literature catalytic hydrogenation tends to favor cis 
isomers (where applicable) while reduction with metals gives trans isomers 
[846], But even catalytic hydrogenation may give either cis isomers, when 
carried out over platinum oxide [847], or trans isomers, if Raney nickel is used 
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[847\. An acidic medium favors alcohols with an axial hydroxyl; an alkaline 
medium favors alcohols with an equatorial hydroxyl [848]. 

Similarly reductions with metal hydrides, metals and other compounds 
may give predominantly one isomer. The stereochemical outcome depends 
strongly on the structure of the ketone and on the reagent, and may be 
affected by the solvents. 

For example, reduction of 2‘alkylcycloalkanones with lithium aluminum 
hydride in tetrahydrofuran gave the following percentage proportions of the 
less stable cw-2-alkylalkanol (with axial hydroxyl); 2-methylcyclobutanol 
25%, 2-methylcyclopentanol 21%, 2-methylcyclohexanol 25%, 2-methylcy- 
cloheptanol 73%, and 2-methylcyclooctanol 73% (the balance to 100% being 
the other, trans^ isomer) [837\. 

Reduction of 2-methylcyclohexanone gave the following percentage pro- 
portions of the less stable cw-2-methylcyclohexanol (with axial hydroxyl): 
with lithium aluminum hydride 25%, with diborane in tetrahydrofuran 26%, 
with dUsec-amylborane in tetrahydrofuran 79%, with dicyclohexylborane in 
diglyme 94%, and with diisopinocampheylborane in diglyme 94% (the balance 
to 100% being the trans isomer) [837\. 

Different stereoselectivities caused by solvent effects are demonstrated in 
the reduction of dihydroisophorone (3,3,5-trimethylcyclohexanone) with 
sodium borohydride which gave less stable /ram-3,3, 5-trimethylcyclohexanol 
(with axial hydroxyl) by reduction in anhydrous isopropyl alcohol (55-56%), 
in anhydrous /er/-butyl alcohol (55%), in 65% aqeuous isopropyl alcohol 
(59.5%), in anhydrous ethanol (67%), and in 71% aqueous methanol (73%) 
(the balance to 100% being the more stable cis isomer with equatorial hy- 
droxyl) [849]. 

(103) 





The structure of the cyclic ketone is of utmost importance. Reduction of 
cyclic ketone by complex hydrides is started by a nucleophilic attack at the 
carbonyl function by a complex hydride anion. The approach of the nucleo- 
phile takes place from the less crowded side of the molecule (steric approach 
or steric strain control) leading usually to the less stable alcohol. In ketones 
with no steric hindrance (no substituents flanking the carbonyl group or 
bound in position 3 of the ring) usually the more stable (equatorial) hydroxyl 
is generated (product development or product stability control) [850, 851, 852, 
555]. The contribution of the latter effect to the stereochemical outcome of 
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the reduction has been disputed [^50]. Since the reductions with hydrides and 
complex hydrides are very fast it is assumed that the transition states develop 
early in the reaction, and consequently the steric approach is more important 
than the stability of the product. What is sometimes difficult to estimate is 
what causes stronger steric hindrance: interactions between the incoming 
nucleophile and axial substituents in position 3 of the ring or torsional strain 
between the nucleophile and a hydrogen or a substituent flanking the carbonyl 
carbon. In other words, the determination of which side of the molecule is 
more accessible is at times difficult. 

( 104 ) 




Percentage of equatorial ( tcans ) alcohol 



Reference 


[816] 


[850] 


[852] 


[854] 


[555] 


L±AlH^,Et20 


89 


90-91 








LiAlH^,THF 






42 


92 




LiAlH(iso-Bii)2Bu,Et20,C^Hj^^ 










61 


LiAlH(iso-Bu) 2sec-Bu,Et20,C^Hj^^ 










58 


LiAlH(lso-Bu)2tert-Bu,Et20,CgHj^^ 










51 


LiAlH(OMe)^,THF 




59 


36 






LiAlH(OGMe^)^,THF 




90 


46 


89.7 




AlHCl2(LlAlH^/AlCl2),Et20 


80-99.5 










NaBH^.MeOH 




85-86 








NaBH(GMe)2,MeOH 




75-76 








NaBH (0CHMe2) 2 , iso-PrOH 




75-80 








iso-PrOH-Al(O-iso-Pr)^ 


79 











The effect of steric hindrance can be nicely demonstrated in the reduction 
of two bicyclic ketones, norcamphor and camphor. The relatively accessible 
norcamphor yielded on reduction with complex hydrides predominantly (the 
less stable) endo norborneol while sterically crowded camphor was reduced 
by the same reagents predominantly to the less stable exo compound, isobor- 
neol [837]. From the numerous examples shown it can be deduced that the 
stereoselectivity increases with increasing bulkiness (with some exceptions), 
and that it is affected by the nucleophilicity of the reagent and by the solvent. 

Similar stereoselectivity was noticed in reductions of ketones by alkali 
metals in liquid ammonia and alcohols. 4-ferr-Butylcyclohexanone gave al- 
most exclusively the more stable equatorial alcohol, norcamphor 68-91% of 
the less stable endo-novhornQo\, and camphor a mixture of bomeol and 
isoborneol [860]. 

Stereoselective reductions of cyclic ketones have immense importance in 
the chemistry of steroids where either a or ^ epimers can be obtained. A few 
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Me Me Me Me 




(107) 
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BHCCHt-leCHMep^.THF 

BH(CgHii)2,THF 



iso-P'rOH, Al (0-iso-Pr) 



52 

65 

93 



99.6 

99.3 



21-23 

42 

60-70 

28 



examples demonstrate that while catalytic hydrogenation [49] or catalytic 
hydrogen transfer {Henbest reduction) [861] favor formation of a epimers 
reduction with hydrides and complex hydrides is much more stereoselective 
and gives predominantly P epimers [757, 816]. 
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[49] H^/NKNaH) ,25°,1 atm, 3, 8 hrs{96%) 
[816] LiAlH^,Et20 
[816] AlHCl2(LiAlH^/AlCl2),Et20 
[?S7] Bu^NBH^CN,HMPA,25'’(94.5%) 

[816] iso-Pr0H,Al(0-iso-Pr)^,ref lux 

X = CO (Androstane-3 , 17-dione) 

[49] H2/Ni(NaH),25°,l atm, 70 min(97%) 
\861] H2lrCl^, CMeO)^P,90% iso-PrOH, 



67% 


33% 


9% 


91% 


0-17% 


83-100% 


17% 


83% 


16% 


84% 


47% 


53% 


94% 


2% 



reflux 94 hrs (Henbest reduction) 



Cyclic ketones were reduced to optically active cyclic alcohols by biochem- 
ical methods. Incubation of 2,3-benzosuberone with Cryptococcus macerans 
gave 27% conversion to the optically active ( — )-S-2,3-benzo- 1 -cycloheptanol. 
Other hydroaromatic ketones were reduced, although in low conversions (2- 
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41%), to S-alcohols (according to Prelog’s rule, p. Ill) Biochemical 
reductions are especially important in steroids. 

( 109 ) 



[533] 






Reductions of cyclic ketones to cycloalkanes, to pinacols and to alkenes are 

accomplished by the same reagents which are used for similar reductions of 
aliphatic and aromatic ketones (pp. 109 and 1 12). 




[S2S] AlHg.CH^Cl^.reflux 1-4 hrs 55% 

[207] TiCl^,Mg,THF 45% 

[206] TiCl^.Li, (CH20Me)2,reflux 16 hrs 
[206] TiCl^.K.THF, reflux 16 hrs 
[ ^5] ZnHg,HCl 

[ 282 ] H^O, KOH ,H0(CH2CH2 0) , 

reflux 1 hr 

[812] H2NNHC^H^;NaBH^,dioxane 
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79% 

85% 



50% 

80.4% 

70-80% 



Reduction of the carbonyl group to methylene is carried out by Clemmensen 
reduction [160, 758], by Wolff-Kizhner reduction [280, 282], or by its modifi- 
cations: decomposition of hydrazones with potassium rer^-butoxide in di- 
methyl sulfoxide at room temperature in yields of 60-90% [845], or by reduc- 
tion of p-toluenesulfonylhydrazones with sodium borohydride (yields 65-80%) 
[8II] (p.134). 

In keto steroids the reductions were also achieved by electrolysis in 10% 
sulfuric acid and dioxane using a divided cell with lead electrodes (yields 85- 
97%) [862], by specially activated zinc dust in anhydrous solvent (ether or 
acetic anhydride saturated with hydrogen chloride) (yields 50-87%) [155, 
863], and by the above mentioned reduction of tosylhydrazones with sodium 
borohydride (yields 60-75%) [811], 

Heterocyclic ketones having sulfur or nitrogen atoms in the ring in a 
position P to the carbonyl group are cleaved during Clemmensen reduction 
between the a-carbon and the hetero atom. Recyclization during the reaction 
leads to ring contractions [759, 864], Reduction of iV-alkyl-a-pyridones, which 
are amides in disguise, is discussed elsewhere (p. 170). 

For the reduction to pinacols aluminum amalgam [825] or low valence state 
titanium chloride [207] were used. Under different conditions the titanium 
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X = NME 1255] ZnHg,HCl,reflux 12 hrs 

X = NMe N^H^-H^O.KOH 

H 0 (CH 2 CH 20 ) 3 H,reflux 1 hr 

reagent deoxygenates the ketones an 
to alkenes [206]. 
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couples them at the carbonyl carbon 



Reduction ofUnsaturated Ketones 

Unsaturated ketones of all kinds can be converted to saturated ketones, to 
unsaturated alcohols, to saturated alcohols, to alkenes and to alkanes. If the 
double bond is conjugated with the carbonyl group reduction usually takes 
place more readily and may give, in addition to the above products, 8-di- 
ketones formed by coupling at j8-carbons. 

Unsaturated ketones having double bonds not conjugated with the carbonyl 
group can be reduced to saturated ketones by controlled catalytic hydrogena- 
tion. However, if another conjugated double bond is present in the mole- 
cule of the ketone, it may be reduced preferentially. In 3-ethylenedioxy-5,16- 
pregnadiene-20-one only the conjugated double bond in position 16 was 
reduced by hydrogen over 10% palladium on calcium carbonate in ethyl 
acetate (yield 91%) [865], and in 4,6,22-ergostatriene-3-one only the double 
bond in the position y,d to the carbonyl was reduced over 5% palladium on 
charcoal in methanol containing potassium hydroxide (yield 70%) [866]. The 
isolated double bonds in the above compounds were not hydrogenated pro- 
vided the reduction was stopped after absorption of 1 mol of hydrogen. The 
same results were obtained in heterogeneous hydrogenation of eremophilone 
(5, 1 0-dimethy 1-3-isopropeny 1- 1 -oxo- 1 ,2,3,4,5,6,7, 1 0-octahydronaphthalene) 
over palladium catalysts. However, homogeneous hydrogenation using 
tris(triphenylphosphine)rhodium chloride in benzene gave 94% yield of 
13,14-dihydroeremophilone in which the conjugated double bond survived 
[6511 

a^/^^Unsaturated ketones (enones) were reduced to saturated ketones by 
catalytic hydrogenation provided it was stopped after absorption of 1 mol of 
hydrogen [814]. Platinum [767], platinum oxide [34, 867], platinum on carbon 
[814], palladium on carbon [814, 868], rhodium on carbon [814], and 
tris(triphenylphosphine)rhodium chloride [56, 869] were used as the catalysts. 
Nickel-aluminum alloy in 10% aqueous sodium hydroxide [769] and zinc- 
reduced nickel in aqueous medium [870] also reduced only the conjugated 
double bonds. 

In cyclic a,j5-unsaturated ketones such as 2-oxo-2,3,4,5,6,7,8,10-octahy- 
dronaphthalene, where the reduction may lead to two stereoisomers, hydro- 
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genation over 10% palladium on charcoal in aqueous ethanol gave 93% of 
cis~ and 7% of trans-2-dcca\onc in the presence of hydrochloric acid, and 62% 
of CIS’ and 38% of rran^-2-decalone in the presence of sodium hydroxide [868]. 
A whole spectrum of ratios of the two stereoisomers was obtained over 
different catalysts in solvents of different polarities and different pHs [27, 
868]. 

Lithium aluminum hydride reduces preferentially the carbonyl function (p. 
98) but alanes prepared by reactions of aluminum hydride with two equiva- 
lents of isopropyl or tert-hutyl alcohol or of diisopropylamine reduce the 
conjugated double bonds with high regioselectivity in quantitative yields 
[577] (p. 121). 

Triphenyls tannane reduced the a,P double bond in dehydro-)3-ionone in 
84% yield [872]. Complex copper hydrides prepared in situ from lithium 
aluminum hydride and cuprous iodide in tetrahydrofuran at 0° [575], or 
from lithium trimethoxyaluminum hydride or sodium bis(methoxy- 
ethoxy)aluminum hydride and cuprous bromide [874] in tetrahydro- 
furan at 0° reduced the ol,P double bonds selectively in yields from 40 to 
100%. Similar selectivity was found with a complex sodium bis{iron 
tetracarbony[)hydride NaHFe 2 (CO )8 [575]. 

Reduction of a,)3-unsaturated to saturated ketones was further achieved by 
electrolysis in a neutral medium using copper or lead cathodes (yields 55- 
75%) [766], with lithium in propylamine (yields 40-65%) [876], with 
potassium-graphite clathrate CgK (yields 57-85%) [807], and with zinc in 
acetic acid (yield 87%) [655]. Reduction with amalgamated zinc in hydro- 
chloric acid (Clemmensen reduction) usually reduces both functions [577], 

Biochemical reduction of a,)3-unsaturated ketones using microorganisms 
(best Beauveria sulfurescens) takes place only if there is at least one hydrogen 
in the )3-position and the substituents on a-carbons are not too bulky. The 
main product is the saturated ketone, while only a small amount of the 
saturated alcohol is formed, especially in slightly acidic medium (pH 5-5,5). 
The carbonyl is attacked from the equatorial side. Results of biochemical 
reduction of 5-methylcyclohex-2-en-l-one are illustrative of the biochemical 
reduction by incubation with Beauveria sulfurescens: after 24 hours 74% of 
the enone was reduced to 3-methylcyclohexanone and 26% to 3-methylcy- 
clohexanol containing 55% of cis and 45% of trans isomer. After 48 hours the 
respective numbers were 70% and 30%, and 78% and 22%, respectively [575]. 

Reduction of unsaturated ketones to unsaturated alcohols is best carried out 
with complex hydrides. a,^-Unsaturated ketones may suffer reduction even at 
the conjugated double bond [764, 879]. Usually only the carbonyl group is 
reduced, especially if the inverse technique is applied. Such reductions are 
accomplished in high yields with lithium aluminum hydride [879, 880, 881, 
882], with lithium trimethoxyaluminum hydride [764], with alane [879], with 
diisobutylalane [883], with lithium butylborohydride [884], with sodium boro- 
hydride [751], with sodium cyanoborohydride [780, 555] with 9-borabicyclo 
[3.3.1]nonane (9-BBN) [764] and with isopropyl alcohol and aluminum isopro- 
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poxide (Meerwein-Ponndorf reduction) [309, 556]. Many a,/?-unsaturated 
cyclopentenones and cyclohexenones and their homologs are reduced by the 
above reagents [764, 780, 781, 879, 884\. 



I 



ftiCH2CH2C0R 



PhCH=CHCOR 
R = Me 
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OH 



[5fi] H 2 /(Ph 2 P)^RhCl,C^H^-EtOH, 

60®, ^.5-5. 5 atm, 8-12 hrs (80%) 

Ni-Al,10% NaOH, 10-20® (78%) 

[87J] AlH[N(CHMe2)2)2*TH*'.0" (96%) 

[766] Pb cathode,Et0H,Ac0Et,l amp (75%) 

[SO?] CgK,THF,25®.10 min (85%) 

R - Ph 

[SS7] H2/Pt02.Ac0Et,25®,l atm (81-95%) 

[S?l] AlH(OCMe^) 2 ,THF, 0 ® (98%) 

[673] LiAlH^/CuI,THF,0“ (101%) 

[ 874] NaAlH2(0CH2CH20Me)2,THF,Bu0H, 

-20 ®, 1 hr (65%) 



[881] LlAlH^.Et 20 (- 100 %) 

[884] LiAlH-Bu,C,H, ,-PhMe,-78® (98%) 

J o 1 m 

[ 780] NaBH^CN,MeOH,HCl,25®,1.5 hr (77%) 
[780] NaBH^CN,HMPA,H2SO^,25®,l hr (58%) 
[ 866 ] Me 2 CHOH,Al ( 00 ^ 62 ) 3 , re flux (96%) 



[882] LlAlH2^,Et20,35® (65%) 

[884] LlBH3Bu,CgH^2,"PhMe,-78®,2 hrs (99%) 
[114] Ph2SnH2,Et20,25“ (75%) 



Reduction of unsaturated ketones to saturated alcohols is achieved by cata- 
lytic hydrogenation using a nickel catalyst [49], a copper chromite catalyst [50, 
557] or by treatment with a nickel-aluminum alloy in sodium hydroxide [555]. 
If the double bond is conjugated, complete reduction can also be obtained 
with some hydrides. 2-Cyclopentenone was reduced to cyclopentanol in 
83.5% yield with lithium aluminum hydride in tetrahydrofuran [764], with 
lithium tris{tert-butoxy)aluminium hydride (88.8% yield) [764], and with 
sodium borohydride in ethanol at 78^^ (yield 100%) [764], Most frequently, 
however, only the carbonyl is reduced, especially with application of the 
inverse technique (p. 21). 

( 113 ) 

[56]H /CuCr.O [78£] H N-nHC 

/ 175°, 100- 150 atm PhCH=CHCOMe NaBH^.Ac^ \ 

25°, 1 hr;70°,3 hrs 



PHCH2CH2CHM 

OH 



E 100% 



5A% PhCH2CH=CHMe 



Reduction of a,/l>unsaturated ketones to unsaturated hydrocarbon is rather 
rare, and is almost always accompanied by a shift of the double bond. Such 
reductions are accomplished in good to high yields by treatment of the p- 
toluenesulfonylhydrazones of the unsaturated ketones with sodium borohy- 
dride [785], borane [786] or catecholborane [559], or by Wolff-Kizhner reduction 
or its modifications [890], However, complete reduction to saturated hydro- 
carbons may also occur during Wolff-Kizhner reduction [597] as well as 
during Clemmensen reduction [760]. 

One-electron reduction of a,^-unsaturated ketones yields, instead of pina- 
cols, 8-diketones formed by coupling of semireduced species at the )?-carbons 
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[892]. The practical usefulness of this reaction is minimized by low yields 
(16% in case of benzalacetone). 

Ketones containing acetylenic bonds were reduced selectively at the triple 
bond by catalytic hydrogenation. Over 5% palladium on calcium carbonate in 
pyridine (which decreases the activity of the catalyst) 17-ethynyltestosterone 
was reduced in 95% yield to 17-vinyltestosterone, while over palladium on 
charcoal in dioxane 80% of 17-ethyltestosterone was obtained; the carbonyl 
in position 3 and the conjugated 4,5-double bond remained intact [386\. 

Ketones containing triple bonds in the a,j3-positions are reduced to the 
corresponding unsaturated alcohols with sodium cyanoborohydride or tetra- 
butylammonium cyanoborohydride in 64-89% yields [780]. Thus 4-phenyl-3- 
butyn-2-one gave 4-phenyl-3-butyn-2-ol [780]. If the same ketone was con- 
verted to its p-toluenesulfonylhydrazone and this was reduced with 
bis{benzyloxy)boranej 1 -phenyl- 1,2-butadiene was obtained in 21% yield 
[786]. 

Reduction of a, ^-acetylenic ketones with chiral borane NB-Enanthrane® 
prepared by addition of 9-borabicyclo[3.3.1]nonane to the benzyl ether of 
nopol yielded optically active acetylenic alcohols in 74-84% yields and 91- 
96% enantiomeric excess [770]. Another way to optically active acetylenic 
alcohols is reduction with a reagent prepared from lithium aluminum hydride 
and (2S, 3R)-( -h )-4-dime thy lamino-3-me thy 1- 1 ,2-dipheny 1-2-butanol . At 

-78° mainly R alcohols were obtained in 62-99% yield and 34-90% 
enantiomeric excesses [893]. 

[ 110 ] 

OH 

r U rnr = rU NB-Enanthrane P n _f.-r = rU 

THF,25“,48 hrs ^ ^5^11 = 

H 



REDUCTION OF DERIVATIVES OF KETONES 

The following section deals with ketones containing substituents in the rest of 
their molecules, and with functional derivatives of ketones. 



Reduction of Substitution Derivatives of Ketones 

Halogenated ketones can be reduced to halogenated alcohols with complex 
hydrides. Although these reagents are capable of hydrogenolyzing the 
carbon-halogen bond, reduction of the carbonyl group takes preference. 
1,3-Dichloroacetone was reduced with lithium aluminum hydride to 1,3- 
dichloro-2-propanol in ether at —2° in 77% yield, even though an excess of 
the hydride was used [894], and 4-bromo-2-butanone yielded 4-bromo-2- 
butanol on reduction with sodium borohydride [895]. In the case of reduction 
of halogenated ketones containing reactive halogens, the inverse technique 
and mild conditions are advisable. 
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Catalytic hydrogenation in basic medium may hydrogenolyze halogen even 
without reducing the keto group: 8-chloro-5-methoxy-l-tetralone gave 53- 
56% yield of 5-methoxy-l-tetralone on treatment with hydrogen over 10% 
palladium on charcoal in ethanol containing triethylamine at room tempera- 
ture and atmospheric pressure [896\. A particularly reactive halogen like the 
bromine in l-bromo-l,l-dibenzoyle thane was replaced quantitatively by 
hydrogen on refluxing for 5 minutes with a solution of potassium iodide and 
dilute hydrochloric acid in acetone [229]. Steroidal a-iodo ketones are reduced 
to ketones with chromous chloride [755] (Pfocedure i7, p. 214). 

Meerwein-Ponndorf reduction of 2-bromocyclohexanol gave 2-bromo-cy- 
clohexanol (30%) and cyclohexanol (33%) [i77j. Treatment of a-halo cyclo- 
hexanones with hydrazine in alkaline medium affords unsaturated hydro- 
carbons. The reaction is carried out by refluxing the a-halo ketone with 
hydrazine and potassium acetate in dimethoxyethane or cyclohexene. 
Cyclohexene is used as an acceptor of hydrogen produced by the decompo- 
sition of hydrazine to diimide and further to nitrogen and hydrogen in order 
to prevent the formation of saturated hydrocarbons. This reaction gives good 
yields only with ketones containing the carbonyl group in a six-membered 
ring and has found use in transformations of steroids [597]. 



( 115 ) 




Vinylic bromine in 2-bromocoprosten-l-one-3 was hydrogenolyzed in high 
yield by refluxing with zinc in ethanol without the double bond or carbonyl 
group being affected [595]. A trichloromethyl ketone, treated with zinc in 
acetic acid, gave a methyl ketone. With amalgamated zinc in hydrochloric 
acid even the carbonyl was reduced [520]. Bromine in a-bromo ketones is 
selectively replaced by hydrogen by means of chromous chloride [599, 900] or 
vanadous chloride (yields 80-98%) [274]. 

The reduction of ketones containing nitro groups to nitro alcohols is best 
carried out by borohydrides. 5-Nitro-2-pentanone was converted to 5-nitro- 
2-pentanol in 86.6% yield by reduction with sodium borohydride at 20-25°. 
Other nitro ketones gave 48,5-98,7% yields, usually higher than were obtained 
by Meerwein-Ponndorf reduction [907]. 2-Acetamido-3-(p-nitrophenyl)-l- 
hydroxypropan-3-one was reduced with calcium borohydride at — 30° to 70% 
of threo- and 10% of ^r;^//2ro-2-acetamido-3-(/7-nitrophenyl)propane-l,3-diol 
while sodium borohydride afforded a mixture of the above isomers in 25% 
and 47% yields, respectively [902]. 
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The reduction of a dinitro ketone to an azo ketone is best achieved with 
glucose. 2,2'-Dinitrobenzophenone treated with glucose in methanolic sodium 
hydroxide at 60° afforded 82% of dibenzo[c,f][l,2]diazepin-l l-one whereas 
lithium aluminum hydride yielded 24% of bis(o-nitrophenyl)methanol [575]. 

Conversion of aromatic nitro ketones with a nitro group in the ring into amino 
ketones has been achieved by means of stannous chloride, which reduced 4- 
chloro-3-nitroacetophenone to 3-amino-4-chloroacetophenone in 91% yield 
[775], A more dependable reagent for this purpose proved to be iron which, in 
acidic medium, reduced m-nitroacetophenone to m-aminoacetophenone in 
80% yield and o-nitrobenzophenone to o-aminobenzophenone in 89% yield 
(stannous chloride was unsuccessful in the latter case) [903\ Iron has also 
been used for the reduction of o-nitrochalcone, 3-(o-nitrophenyl)-l-phenyl- 
2-propen- l-one, to 3-(o-aminophenyl)-l-phenyl-2-propen- l-one in 80% yield 
[583], 

Catalytic hydrogenation over palladium in acetic acid and sulfuric acid at 
room temperature and 2.5 atm reduced nitroacetophenones and their homo- 
logs and derivatives all the way through the alkyl anilines in yields of 78.5- 
95% [904]. 

By reduction combined with hydrolysis, 5-nitro-2-heptanone was con- 
verted to 2,5-heptanedione on treatment with titanium trichloride in aqueous 
glycol monomethyl ether in 85% yield [905], 

a-Diazoketones yield different products depending on their structures and 
on the reducing agents. Alicyclic a-diazo ketones such as camphor, on hydro- 
genation over palladium oxide after absorption of 1 mol of hydrogen, gave 
the corresponding hydrazone (camphorquinone hydrazone, 83.5%) [906], 
Aromatic and aliphatic-aromatic a-diazo ketones, over the same catalyst after 
absorption of 2 mol of hydrogen, yielded a-amino ketones (which condensed 
to 2,5-disubstituted pyrazines) [906, 907], In the presence of copper oxide or 
in hydrochloric acid nitrogen was replaced by hydrogen in hydrogenation 
with palladium oxide or palladium on charcoal, and ketones were formed 
[906, 907], The same result was obtained (without the presence of copper 
oxide) by reduction with hydrogen iodide (yields 68-100%) [257, 908], Also 
ethanol on irradiation caused replacement of nitrogen by hydrogen giving up 
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to 85% yield of G>-(p-toluenesulfonyl)acetophenone from ci;-(p-toluenesul- 
fonyl)diazoacetophenone [307]. Lithium aluminum hydride in ether reduced 
co-diazoacetophenone to 2-amino- 1-phenylethanol in 93% yield [906\. 

In aromatic ketones containing diazonium groups, hypophosphorous acid 
replaces nitrogen by hydrogen. Diazotized 4-amino-3,5-dichloroacetophen- 
one thus afforded 3,5-dichloroacetophenone in 80% yield [288]. 

In azido ketones both functions were reduced with lithium aluminium hy- 
dride in refluxing ether: co-azidoacetophenone gave 49.5% yield of 2-amino- 
1-phenylethanol [600]. 



Reduction of Hydroxy and Amino Ketones 



Hydroxy ketones and hydroxy-a,)3-unsaturated ketones in the steroids such 
as estrone and testosterone, respectively, can be reduced to diols biochemically. 
Estrone acetate gave 68% yield of a-estradiol on incubation with baker’s yeast 
at room temperature after five days [909]. Testosterone was reduced by 
bacteria to the saturated hydroxy ketones, etiocholan-17-ol-3-one and 
androstan-17-ol-3-one, and further to the diols, £7?f-etiocholane-3,17-diol and 
the epimeric isoandrostane-3,17-diol, both in low yields [329]. 

Bacillus polymyxa in a hydrogen atmosphere reduced (R,S)-acetoin to 
erythro- and ^/rrec?-butane-l,3-diol in 100% yield [910\ and Saccharomyces 
cerevisiae converted 3,3-dimethyl- l-hydroxybutan-2-one to (— )-R-3,3- 
dimethylbutane-l,2-diol in 66% yield [911]. 

Acyloins were converted to mixtures of stereoisomeric vicinal diols by cata- 
lytic hydrogenation over copper chromite [912]. More frequently they were 
reduced to ketones: by zinc (yield 77%) [913, 914], by zinc amalgam (yields 
50-60%) [975], by tin (yields 86-92%) [173], or by hydriodic acid: by refluxing 
with 47% hydriodic acid in glacial acetic acid (yields 70-90%) [916], or by 
treatment with red phosphorus and iodine in carbon disulfide at room tem- 
perature (yields 80-90%) [917] {Procedure 41, p. 215). Since acyloins are 
readily accessible by reductive condensation of esters (p. 152) the above 
reductions provide a very good route to ketones and the best route to macro- 
cyclic ketones [913]. 
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In steroidal a-hydroxy ketones with the keto group in position 20 and the 
hydroxy lie group in position 17, the hydroxy, and better still, acetoxy group 
is replaced by hydrogen on refluxing for 24 hours with zinc dust and acetic 
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acid. 3j3,17a-Diacetoxyallopregnan-20-one gave 89% yield of 3j3-acetoxyal- 
lopregnane while its 17j3-epimer’s yield was only 46% [918\ 

Complete reduction of acyloins to hydrocarbons was accomplished by the 
Clemmensen reduction. Sebacoin afforded cydodecane in 79% yield [97 J], and 
benzoin gave 1,2-diphenylethane in 84% yield [758\ 

In ketones containing oxirane rings in positions ct,P to their carbonyls only 
the oxiranes were deoxygenated to a,j3-unsaturated ketones by refluxing with 
zinc dust in acetic acid for 3 hours [646] or on treatment with chromous 
chloride [792, 650]. The keto groups remain intact, even if there are other keto 
groups with conjugated double bonds in the same molecule. Accordingly 
1 6, 1 7-epoxycor ticosterone-2 1 -acetate was converted to 16,17- dehydro- 
corticosterone-2 1 -acetate in 94% yield [792]. a,)3-Epoxy ketones may also 
be converted to allylic alcohols. On heating with hydrazine hydrate to 
90° and refluxing for 15 minutes, 4)3,5-epoxy-3-coprostanone gave 3- 
coprostene-5-ol in 68% yield. This reaction can be carried out even at room 
temperature using alcoholic solutions of a,j5-epoxy ketones, 2-3 equivalents 
of hydrazine hydrate and 0.2 equivalent of acetic acid, and gives good yields 
of the rearranged allylic alcohols [979]. 
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Ketones containing sulfur or nitrogen atoms bound to a-carbons suffer 
carbon-sulfur or carbon -nitrogen bond cleavage under the conditions of the 
Clemmensen reduction [759, 864] (p. 118). A ketosulfone was reduced to a 
sulfone-alcohol with zinc in refluxing 80% acetic acid in 70% yield [920]. 



Reduction of Diketones and Quinones 

The reduction of diketones is very complex. They can be partially reduced to 
ketols (hydroxy ketones) or ketones, or completely reduced to hydrocarbons. 
Depending on the mutual distance of the two carbonyl groups and reagents 
used, carbon-carbon bond cleavage may occur and may be followed by 
recyclizations or rearrangements. Some reactions may result in the formation 
of alkenes. Quinones react in their own specific way. 

ix-Diketones (1,2-diketones) are reduced to *-hydroxy ketones or ketones. 
Diacetyl (butane-2,3-dione) was quantitatively converted to acetoin (3- 
hydroxy-2-butanone) by heating at 100° with granulated zinc in dilute sulfuric 
acid [927]; benzils were quantitatively converted to benzoins by refluxing with 
zinc dust in aqueous dimethyl formamide [764], by treatment with titanium 
trichloride or vanadous chloride [275], by heating with benzpinacol [922], and 
by treatment of 0° with hydrogen sulfide in piperidine-dimethylformamide 
[237] {Procedure 42, p. 216). Cyclotetradecane- 1 ,2-dione was reduced to 2- 
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hydroxycyclotetradecanone by refluxing for 1 hour with triethyl phosphite in 
benzene (yield 78%) [29(5]. 
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Reduction of diketones to either hydroxy ketones or diols can be accom- 
plished by different biochemical reductions [527, 834\ (Procedure 50, p. 218). 

Ketones are obtained from a-diketones by reduction with hydrogen sulfide in 
a pyridine-methanol solution [257], by refluxing with 47% hy dr iodic acid in 
acetic acid (yield 80%) [97(5], and by decomposition of monohydrazones with 
alkali [923]. Reduction of a-diketones to hydrocarbons is achieved by decom- 
position of bis-hydrazones by alkali [925], 

The Clemmensen reduction of ^-diketones (1,3-diketones) is rather compli- 
cated. The first step in the reaction of 2,4-pentanedione with zinc amalgam is 
an intramolecular pinacol reduction leading to a cyclopropanediol. Next the 
cyclopropane ring is opened in the acidic medium, and a rearrangement 
followed by a reduction gives the final product, a ketone, with a changed 
carbon skeleton [924, 925]. The ketone is usually accompanied by small 
amounts of the corresponding hydrocarbon [924] or an a-hydroxy ketone 
[925]. 
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y-Diketones (1,4-diketones) are reduced to hydroxy ketones by catalytic 
hydrogenation using ruthenium on silica gel at 20° and 6.2 atm. 1,4-Cyclo- 
hexanedione thus gave 70% yield of 4-hydroxycyclohexanone [92(5]. Clem- 
mensen reduction is very complex. In addition to products of partial reduction 
of hexane-2,5-dione, 2-hexanone (11%), 2-hexanol (32%) and a mixture of 
cis- and /ran.y-2-hexen-4-ol (11% and 24%, respectively), a small amount (3%) 
of 3-methyl-2-pentanone was isolated [927]. This compound resulted from a 
rearrangement of the initially formed l,2-dimethyl-l,2-cyclobutanediol tol- 
acetyl-l-methylcyclopropane that ultimately rearranged to 3-methy 1-2-pen- 
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tanone [927], 1 -Phenyl- 1,4-pentanedione was reduced to 5-phenyl-2-pentan- 
one (yield 76%) and 1-phenylpentane (12%). 

In the Clemmensen reduction of 1,4-cyclohexanedione, all the products 
isolated from the reduction of 2,5-hexanedione were found in addition to 

2.5- hexanedione (20%) and 2-methylcyclopentanone (6%). The presence of 
the two latter compounds reveals the mechanism of the reduction. In the first 
stage the carbon-carbon bond between carbons 2 and 3 ruptured, and the 
product of the cleavage, 2,5-hexanedione, partly underwent aldol condensa- 
tion, partly its own further reduction [927]. The cleavage of the carbon- 
carbon bond in 1,4-diketones was noticed during the treatment of 1,2-diben- 
zoylcyclobutane which afforded, on short refluxing with zinc dust and zinc 
chloride in ethanol, an 80% yield of 1, 6-diphenyl- 1,6-hexanedione [156\. 

An interesting reaction takes place when diketones with the keto groups in 
positions 1 ,4 or more remote are refluxed in dimethoxyethane with titanium 
dichloride prepared by reduction of titanium trichloride with a zinc-copper 
couple. By deoxygenation and intramolecular coupling, cycloalkenes with up 
to 22 members in the ring are obtained in yields of 50-95%. For example, 1- 
methyl-2-phenylcyclopentene was prepared in 70% yield from 1 -phenyl- 1,5- 
hexanedione, and 1,2-dimethylcyclohexadecene in 90% yield from 2,17-octa- 
decanedione [206, 210]. 
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In enediones in which two carbonyl groups of a diketone are linked by an 
ethylenic bond tin [174] and chromous chloride [196] reduce only the double 
bond, and none of the conjugated carbonyl groups. A double bond conju- 
gated with one carbonyl group only is not reduced. Refluxing cholest-4-ene- 

3.6- dione with chromous chloride in tetrahydrofuran yielded 49% of 5)3- 
cholestane-3,6-dione, and a similar reduction of cholesta-l,4-diene-3,6-one 
gave 5)5-cholest-l-ene-3,6-dione [196]. 

Quinones constitute one of the most easily reducible systems. They can be 
reduced to hydroquinones, to ketones, to diols, or to hydrocarbons. 

p-Benzoquinone and its derivatives are catalytically hydrogenated to hydro- 
quinones under very mild conditions. At room temperature and atmospheric 
pressure hydrogenation of p-benzoquinone stopped after absorption of just 
1 mol of hydrogen when platinum in acetic acid or platinum or palladium in 
ethanol were used as catalysts. The reduction over palladium was faster than 
over platinum. However, platinum proved more efficient since, in the presence 
of a mineral acid, the hydrogenation proceeded further to the stage of cyclo- 
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hexanol [928]. Palladium proved to be the best catalyst for the hydrogenation 
of p-benzoquinone to hydroquinone [928], 

Lithium aluminum hydride reduced p-benzoquinone to hydroquinone (yield 
70%) [576] and anthraquinone to anthrahydroquinone in 95% yield [576]. Tin 
reduced p-benzoquinone to hydroquinone in 88% yield [174] {Procedure 35, 
p. 214). Stannous chloride converted tetrahydroxy-p-benzoquinone to hexa- 
hydroxybenzene in yield [929], and 1,4-naphthoquinone to 1,4-di- 

hydroxynaphthalene in 96% yield [180]. Other reagents suitable for reduction 
of quinones are titanium trichloride [930], chromous chloride [187], hydrogen 
sulfide [248], sulfur dioxide [250] and others. Yields are usually good to 
excellent. Some of the reagents reduce the quinones selectively in the presence 
of other reducible functions. Thus hydrogen sulfide converted 2,7-dinitro- 
phenanthrene quinone to 9,10-dihydroxy-2,7-dinitrophenanthrene in 90% 
yield [248]. 




[928] R^/51 Pd(C) or 5% Pt(C),25%l atm 



[976] LiAlH^.Et^O 70% 
[93-0] TiCl^,H20,Me2C0,25° 98% 
[187] CrCl2,HCl,H20,Me2C0, reflux 1 hr 87% 
[215] VCl2,H20,THF,25“,l hr 95% 
[250] S02,H20,25“ 80.5% 



Anthraquinone is usually reduced to anthrahydroquinone but refluxing 
with tin, hydrochloric acid and acetic acid transformed anthraquinone to 
anthrone in 62% yield [175]. 

Further reduction of quinones - acquisition of four or more hydrogens per 
molecule - was achieved with lithium aluminum hydride which reduced, in 
yields lower than 10%, 2-methyl- 1,4-naphthoquinone to 1,2,3,4-tetrahydro- 
l,4-dihydroxy-2-methylnaphthalene and to l,2,3,4-tetrahydro-4-hydroxy-l- 
keto-2-methylnaphthalene [931]. Lithium aluminum hydride [931], sodium 
borohydride, lithium trie thy Iborohydride and 9‘borabicy do [3.3.1 [nonane [100] 
converted anthraquinone to 9,10-dihydro-9,10-dihydroxyanthracene in res- 
pective yields of 67, 65, 77 and 79%. 

Complete deoxygenation of quinones to hydrocarbons is accomplished in 
yields of 80-85% by heating with a mixture of zinc, zinc chloride and sodium 
chloride at 210-280° [932]. Refluxing with stannous chloride in acetic and 
hydrochloric acid followed by refluxing with zinc dust and 2 N sodium 
hydroxide reduced 4'-bromobenzo[5'.6':1.2]anthraquinone to 4'-bromo- 
benzo[5'.6':1.2]anthracene in 95% yield [181], and heating with iodine, phos- 
phorus and 47% hydriodic acid at 140° converted 2-chloroanthraquinone to 
2-chloroanthracene in 75% yield [222]. Also aluminum in dilute sulfuric acid 
can be used for reductions of the same kind [151]. 
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Reduction of Ketals and Thioketals 

Ketals of acetone and cyclohexanone with methyl, butyl, isopropyl and cy- 
clohexyl alcohols are hydrogenolyzed to ethers and alcohols by catalytic hydro- 
genation. While platinum and ruthenium are inactive and palladium only 
partly active, 5% rhodium on alumina proves to be the best catalyst which, in 
the presence of a mineral acid, converts the ketals to ethers and alcohols in 
yields of 70-100% [955]. 

The reduction is believed to be preceded by an acid-catalyzed reversible 
cleavage of the ketals to alcohols and unsaturated ethers which are sub- 
sequently hydrogenated. Mineral acid is essential. Best yields and fastest 
reductions are found with ketals of secondary alcohols. The hydrogenation 
proceeds at 2.5-4 atm at room temperature with ketals of secondary alcohols, 
and at 50-80° with ketals of primary alcohols. Acetone and cyclohexanone 
diisopropyl ketals gave 75% and 90% yields of diisopropyl and cyclohexyl 
isopropyl ether at room temperature after 1 and 2.5 hours, respectively [955]. 

The reagent of choice for the reduction of ketals to ethers is alane prepared 
in situ from lithium aluminum hydride and aluminum chloride in ether. At 
room temperature ethers are obtained in 61-92% yields [792, 934]. Cyclic 
ketals prepared from ketones and 1,2- or 1,3-diols afford on hydrogenolysis 
by alanes alkyl P- or y-hydroxyalkyl ethers in 83-92% yields [792]. 

Cyclic five-membered monothioketals are desulfurized by Raney nickel 
mainly to their parent ketones (53-55% yields) and several by-products [955]. 
After stirring for 2 hours at 25° in benzene with W-2 Raney nickel, 4-tert- 
butylcyclohexanone ethylene monothioketal afforded 53-55% of 4-rerr-bu- 
tylcyclohexanone, 12-14% of m-4-rerr-butylcyclohexyl ethyl ether, 6-11% of 
4-rerr-butylcyclohexanone diethyl ketal, 16% of 4-rerr-butylcyclohex-l-enyl 
ethyl ether, and 7-12% of 4-rerr-butylcyclohexene [955]. 

Alane formed by the reaction of lithium aluminum hydride and aluminum 
chloride in ether cleaves exclusively the carbon-oxygen bond in cyclic mono- 
thioketals derived from ketones and mercaptoethanol, and on refluxing in 
100% excess for 2 hours produces ^-hydroxyethyl sulfides (yields 66-91%); 
on prolonged heating with the reagent these ^-hydroxyethyl sulfides are 
further reduced to the corresponding ethyl sulfides (thioethers) (yields 28- 
81%) [956]. 

Reduction of cyclic five-membered ethylene monothioketals with calcium 
in liquid ammonia cleaves the boad between carbon and sulfur and yields 
alkyl /f-mercaptoethyl ethers (7-88%) [795]. Cyclic five-membered ethylene 
dithioketals (ethylenemercaptoles) afford, analogously, alkyl /f-mercaptoethyl 
thioethers (yields 85%) [795]. 

Most frequently mercaptoles (dithioketals) are desulfurized to hydrocarbons 

by Raney nickel [796, 797]. As in the case of aldehydes, conversion of ketones 
to mercaptoles followed by desulfurization to hydrocarbons represents the 
most gentle reduction of the carbonyl group to methylene. The desulfuriza- 
tion is accomplished by refluxing of the mercaptole with a large excess of 
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Raney nickel in ethanol or other solvents. If reducible functions are present 
in the molecule of the mercaptole, Raney nickel must be stripped of hydrogen 
by refluxing with acetone for a few hours before use [46\. 

Nickel prepared by reduction of nickel chloride with sodium borohydride 
was used for desulfurization of diethyl mercaptole of benzil. Partial desulfur- 
ization using 2 mol of nickel per mol of the mercaptole gave 71% yield of 
ethylthiodesoxybenzoin while treatment with a 10-fold molar excess of nickel 
over the mercaptole gave 61% yield of desoxybenzoin (benzyl phenyl ketone) 
[937\. 




Mercaptoles of ketones are best prepared by treatment of ketones with 
ethanedithiol or 1,3-propanedithiol in the presence of anhydrous zinc chloride 
or boron trifluoride etherate. Many desulfurizations have been carried out 
with these cyclic mercaptoles, especially in steroids. Yields of the hydro- 
carbons range from 50 to 95% [797]. 

Alternative desulfurizations can be achieved using tributylstannane or hy- 
drazine. Reaction with the former reagent is carried out by heating the 
mercaptole for 1.5 hours at 80° with 3-4 equivalents of tributylstannane and 
azobis(isobutyronitrile) as a catalyst and distilling the product and the by- 
product, bis(tributyltin) sulfide, in vacuo. Yields are 74-95% [798], 

The reaction with hydrazine consists of heating the mercaptole with 3-5 
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parts by volume of hydrazine hydrate, 1.5-2. 5 parts by weight of potassium 
hydroxide and 8-20 parts by volume of diethylene or triethylene glycol to 90- 
190° until the evolution of nitrogen ceases. Times required are 0.5-3 hours 
and yields range from 60% to 95% 

Reduction of Ketimines, Ketoximes and Hydrazones 

Ketimines are reduced to amines very easily by catalytic hydrogenation^ by 
complex hydrides and by formic acid. They are intermediates in reductive 
amination of ketones (p. 134). An example of the reduction of a ketimine is 
conversion of 3-aminocarbonyl-2,3-diphenylazirine to the corresponding 
aziridine by sodium borohydride (yield 73%), by potassium borohydride (yield 
71%) and by sodium bis (2-methoxyethoxy) aluminum hydride (yield 71%) 
[939]. 

\i)m ( 125 ) 
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Reduction of ketoximes is one of the most useful ways to primary amines. 
Many methods are available: Catalytic hydrogenation over 5% rhodium on 
alumina converted cycloheptanone oxime to cycloheptylamine in 80% yield 
at 20-60° and 0.75-1 atm [940], and treatment with hydrogen and Raney 
nickel at 25-30° and 1-3 atm gave cyclohexylamine from cyclohexanone 
oxime in 90% yield [45]. 2-Alkylcyclohexanone oximes yielded cis- or /ra/ 2 ^- 
2-alkylcyclohexylamines depending on the method and reaction conditions 
used. Catalytic hydrogenation over platinum in acetic acid or over palladium 
in ethanol and hydrochloric acid afforded cw-2-alkylcyclohexylamine while 
hydrogenation over Raney nickel in ammonia or reduction with sodium in 
ethanol yielded tra/i.y-2-alkylcyclohexylamine, and reduction with sodium 
amalgam a mixture of both isomers [464, 941]. Similarly, hydrogenation of 
1 l-oximino-5^-pregnane-3a,17a,20^-triol over platinum oxide in acetic acid 
at 60° and 56 atm gave 86% of /?-, and reduction with sodium in refluxing 
propanol 75% of a-ll-amino-5^-pregnane-3a,17a,20jS-triol [942, 943]. Hy- 
drogenation of methyl ethyl ketoxime to ^^c-butylamine in 76% yield was 
achieved by treatment with hydrazine hydrate and Raney nickel W4 at room 
temperature for 4 hours [944], 

Reduction of cyclohexanone oxime with lithium aluminum hydride in tetra- 
hydrofuran gave cyclohexylamine in 71% yield [809], and reduction of 
ketoximes with sodium in methanol and liquid ammonia [945] or in boiling 
ethanol [946] afforded alkyl amines, usually in good to high yields. Stannous 
chloride in hydrochloric acid at 60° reduced the dioxime of 9,10-phenanthra- 
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quinone to 9, 1 0-diaminophenanthrene in 90% yield [755]. Titanium trichloride 
behaves differently: in methanol or dioxane solutions in the presence of 
sodium acetate it regenerates the parent ketones in 90% yields [200]. 

Oximes of a^/^-unsaturated ketones, on reduction with lithium aluminum 
hydride, depending on the structure of the ketoxime and on the reaction 
conditions, yield unsaturated amines, saturated amines, and sometimes 
aziridines in fair yields [947]. 

Whereas diborane in tetrahydrofuran reduces oximes only at 105-11 O'", 
oxime ethers and oxime esters are reduced to amines and alcohols at room 
temperature in good yields. For example the p-nitrobenzoyl ester of cyclo- 
hexanone oxime gave a 67% yield of cyclohexylamine and 81% yield of 
p-nitrobenzyl alcohol [948]. 

Nitro group in an oxime is reduced preferentially to the oximino group with 
ammonium sulfide [240]. In a monoxime of a diketone, the oximino group is 
reduced to amino group to the exclusion of the carbonyl group by catalytic 
hydrogenation over platinum oxide in methanolic hydrochloric acid: 9-keto- 
1 0-oximino- 1 , 2,3,4-tetrahydrophenanthraquinone afforded 1 0-amino-9- 

keto-l,2,3,4-tetrahydrophenanthrene in 78% yield [949]. 

Hydrazones of ketones may be reduced to hydrazines, to amines, and to 
hydrocarbons, or reconverted to parent ketones. 

The phenylhydrazone of acetone gave on hydrogenation over colloidal 
platinum a 90% yield of A^-isopropyl-A^-phenylhydrazine [950], and the semi- 
carbazone of benzil on electroreduction a 70% yield of A^-aminocarbonyl- 
7V-( 1 ,2-diphenyl- 2-ketoethyl)hydrazine [95 /]. 

The phenylhydrazone of A^-acetylisopelletierine (AT-acetyl-2-piperidylace- 
tone) was hydrogenolyzed over platinum oxide in acetic acid at 25^" and 3 atm 
to l-(AT-acetyI-2-piperidyl)-2-aminopropane in 92% yield [952], and the 
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phenylhydrazone of levulinic acid was reduced with aluminum amalgam 
to 4-aminovaleric acid in 60% yield [154\. 

Hydrazones treated with alkalis decompose to nitrogen and hydrocarbons 
[845, 923] (Wolff-Kizhner reduction) (p. 34), and p-toluenesulfonylhydra- 
zones are reduced to hydrocarbons by lithium aluminum hydride [812], sodium 
borohydride [785] or sodium cyanoborohydride [813], Titanium trichloride hy- 
drogenolyzes the nitrogen-nitrogen bond in phenylhydrazones and forms 
amines and ketimines which are hydrolyzed to the parent ketones. Thus 
2,4-dinitrophenylhydrazone of cycloheptanone afforded cycloheptanone in 
90% yield [202]. 



REDUCTIVE ALKYLATION (REDUCTIVE AM INATION) 



Treatment of aldehydes or ketones with ammonia, primary or secondary 
amines in reducing media is called reductive alkylation (of ammonia or 
amines) or reductive amination (of aldehydes or ketones). Reducing agents 
are most frequently hydrogen in the presence of catalysts such as platinum, 
nickel or Raney nickel [953], complex borohydrides [103, 954, 955], formal- 
dehyde or formic acid [i22j. 

Reductive alkylation of ammonia should give primary amines, reductive 
alkylation of primary amines secondary amines, and reductive alkylation of 
secondary amines tertiary amines. In reality, secondary and even tertiary 
amines are almost always present to varying extents since the primary amines 
formed in the reaction of the carbonyl compounds with ammonia react with 
the carbonyl compounds to give secondary amines, and the secondary amines 
similarly afford tertiary amines according to Scheme 128. In addition, second- 
ary amines may be formed, especially at higher temperatures, by additional 
reactions shown in Scheme 129. Depending on the ratios of the carbonyl 
compounds to ammonia or amines, different classes of amines predominate. 
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For example, hydrogenation of benzaldehyde with 1 mol of ammonia gave 
89.4% of primary and 7.1% of secondary amine while the reaction with 
0.5 mol of ammonia afforded 1 1 .8% of the primary and 80.8% of the second- 
ary amine [956]. 



RCH2NH2 + RCH2NH2 

{ 30^ RCH2NH2 
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RCH-NH 

\ 2 RCH-NH 
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NH3 + RCH=NCH2R 
NH3 + RCH(N=CHR) 



RCH2NHCH2R + NH3 
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RCH2NH2 



(129) 



Consequently, by choosing proper conditions, especially the ratios of the 
carbonyl compound to the amino compound, very good yields of the desired 
amines can be obtained [522, 953]. In catalytic hydrogenations alkylation of 
amines was also achieved by alcohols under the conditions when they may be 
dehydrogenated to the carbonyl compounds [803]. The reaction of aldehydes 
and ketones with ammonia and amines in the presence of hydrogen is carried 
out on catalysts: platinum oxide [957], nickel [803, 958] or Raney nickel [956, 
959, 960]. Yields range from low (23-35%) to very high (93%). An alternative 
route is the use of complex borohydrides: sodium borohydride [954], lithium 
cyanoborohydride [955] and sodium cyanoborohydride [103] in aqueous- 
alcoholic solutions of pH 5-8. 
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62% ME 2 CHNH 2 
94-95% Me2CHNH(CH2)20H 

91% ME 2 CHNHPH 



Reductive alkylation can also be accomplished by heating carbonyl com- 
pounds at 150-250° with 4-5 mol of ammonium formate, formamide, or for- 
mates or formamides prepared by heating primary on secondary amines with 
formic acid at 180-190° (Leuckart reaction) [322]. An excess of 85-90% formic 
acid is frequently used. Formyl derivatives of primary or secondary amines 
are sometimes obtained as products and have to be hydrolyzed to the corres- 
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ponding amines by refluxing with 30% sodium hydroxide or with 10%, 20% 
or concentrated hydrochloric acid. The reaction requires 4-30 hours and the 
yields range from some 25% to almost 100% [321, 322, 961] {Procedure 49, p. 
218), 
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PhCHMeNH2 

PhCHMeNH2 

PhCHMeNHMe 




70% PhCHMeNHEt 
70% PhCHMeNHBu 



Reductive methylation is achieved by the reaction of formaldehyde with 
ammonium chloride. It is carried out by heating the components at 100-120° 
and gives mono-, di- and trimethylamine in high yields {Eschweiler reaction) 
[312, 962], No catalyst is needed; part of the formaldehyde provides the 
necessary hydrogen while the other part is oxidized to formic acid. The same 
reaction can be applied to methylation of primary and secondary amines 
[962], Reductive alkylation can also be accomplished by reducing mixtures of 
amines with acids which are first reduced to aldehydes (p. 171). 



REDUCTION OF CARBOXYLIC ACIDS 

The carboxylic group in carboxylic acids can be reduced to an aldehyde 
group, to an alcoholic group and even to a methyl group. Unsaturated acids 
and aromatic acids can be reduced at the multiple bonds or aromatic rings, 
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respectively, without or with concomitant reduction of the carboxylic groups. 
Other functions in the molecules of carboxylic acids may or may not be 
affected by different reducing agents. Most frequently, products of the reduc- 
tion of carboxylic acids are alcohols. 

Reduction of Aliphatic Carboxylic Acids 

Saturated aliphatic acids are converted to aldehydes by aminoalanes prepared 
in situ from alane and two molecules of a secondary amine. The best reagent 
is obtained by adding 2 mol of iV-methylpiperazine to 1 mol of alane in 
tetrahydrofuran at 0-25^". Refluxing hexanoic acid, octanoic acid or palmitic 
acid for 6 hours with the solution of the aminoalane afforded the correspond- 
ing aldehydes in respective yields of 63%, 69% and 77% [963]. Aliphatic acids 
containing 5-14 carbon atoms were reduced to the corresponding aldehydes 
in 61-84% yields by treatment with lithium in methylamine followed by 
hydrolysis of the intermediates A^-methylaldimines [964\. The carboxylic 
group is also reduced to the aldehyde group by electrolysis using lead elec- 
trodes [965] and on reduction with sodium amalgam (p. 139). 

More frequent than the reduction to aldehydes is reduction of carboxylic 
acids to alcohols. Catalytic hydrogenation requires special catalysts, high 
temperatures (140-420'’) and high pressures (150-990 atm). Under such vig- 
orous conditions the resulting alcohols are accompanied by esters resulting 
from esterification of the alcohols with the parent acids. The catalysts used 
for such hydrogenations are copper and barium chromate [9dd], ruthenium 
dioxide or ruthenium on carbon [47], and, especially, rhenium heptoxide [42] 
and rhenium heptasulfide [54, 967]. Although yields of alcohols are in some 
cases very high, this method is of limited use. 

The reduction of free acids to alcohols became practical only after the 
advent of complex hydrides. Lithium aluminum hydride reduces carboxylic 
acids to alcohols in ether solution very rapidly in an exothermic reaction. 
Because of the presence of acidic hydrogen in the carboxylic acid an additional 
equivalent of lithium aluminum hydride is needed beyond the amount re- 
quired for the reduction. The stoichiometric ratio is 4 mol of the acid to 3 mol 
of lithium aluminum hydride (Equation 12, p. 18). Trimethylacetic acid was 
reduced to neopentyl alcohol in 92% yield, and stearic acid to 1-octadecanol 
in 91% yield. Dicarboxylic sebacic acid was reduced to 1,10-decanediol even 
if less than the needed amount of lithium aluminum hydride was used [968]. 

Another reagent, sodium bis{2-methoxyethoxy)aluminum hydride (Vitride), 
was used to reduce nonanoic acid to 1-nonanol in refluxing benzene in 92% 
yield [969]. The same reagent converts sodium or bromomagnesium salts of 
acids to alcohols: sodium stearate to 1-octadecanol at 80° in 96% yield, and 
bromomagnesium octanoate to 1-octanol at 80° in 85% yield [970]. 

Sodium borohydride does not reduce the free carboxylic group, but borane 
prepared from sodium borohydride and boron trifluoride etherate in tetra- 
hydrofuran converts aliphatic acids to alcohols at 0-25° in 89-100% yields 
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[971]. The reagent is suitable for selective reduction of a free carboxyl group 
in the presence of an ester group (p. 163). 

Carboxylic acids containing double bonds are easily converted to saturated 
acids by catalytic hydrogenation over common catalysts. If a new chiral center 
is generated in the reduction process, homogeneous hydrogenation over a 
chiral catalyst gave 40-45% enantiomeric excess of one enantiomer [19]. 

Unsaturated carboxylic acids with double bonds conjugated with the car- 
boxyl are reduced at the double bond by sodium amalgam [972]. Sorbic acid 
(2,4-hexadienoic acid) containing a conjugated system of two double bonds 
was reduced by catalytic hydrogenation over palladium or Raney nickel 
preferentially at the more distant double bond, giving 83-90% of 2-hexenoic 
acid [973]. Sodium amalgam adds hydrogen to the 1,4- as well as the 1,6- 
position and affords a mixture of 2- and 3-hexenoic acid [972]. Maleic and 
fumaric acids were converted to succinic acid with chromous sulfate in 
aqueous solution at room temperature in 30 and 60 minutes in 86% and 91% 
yields, respectively [974]. 
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Lithium aluminum hydride reduces exclusively tbe carboxyl group, even in 
an unsaturated acid with a, ^-conjugated double bonds. Sorbic acid afforded 
92% yield of sorbic alcohol [965], and fumaric acid gave 78% yield of trans- 
2-butene- 1,4-diol [975]. If, however, the a,^-conjugated double bond of an 
acid is at the same time conjugated with an aromatic ring it is reduced (p. 
141). 

Carboxylic acids containing triple bonds are converted to cis olefinic acids by 

catalytic hydrogenation over Raney nickel [358], and to trans acids by reduc- 
tion with sodium in liquid ammonia [358]. Acetylenedicarboxylic acid af- 
forded fumaric acid in 94% yield on treatment with chromous sulfate at room 
temperature [195]. 
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Lithium aluminum hydride reduces acetylenic acids containing conjugated 
triple bonds to olefinic alcohols. Acetylenedicarboxylic acid gave, at room 
temperature after 16 hours, 84% yield of /ra«.s-2-butene- 1,4-diol [975]. 
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Reduction of Aromatic Carboxylic Acids 

Aromatic carboxylic acids can be reduced to aldehydes or alcohols. In addi- 
tion, a carboxylic group linked to an aromatic ring can be converted to 
methyl, and the aromatic ring can be partially or totally hydrogenated. 

Aldehydes are obtained in 86% and 75% yields, respectively, from benzoic 
acid on refluxing for 6 hours and from nicotinic acid on standing at room 
temperature for 24 hours with bis{N-methylpiperazino)alane in tetrahydro- 
furan [963]. Reduction of 3-fluorosalicylic acid with 2% sodium amalgam in 
aqueous solution containing sodium chloride, boric acid and p-toluidine gave, 
at 13-15°, a Schiff base which on hydrolysis with hydrochloric acid and steam 
distillation afforded 3-fluorosalicylaldehyde in 57% yield [136\. The purpose 
of p-toluidine is to react with the aldehyde as it is formed and protect it from 
further reduction. 

PHCO2H PhCHO 

[968] LiAlH^,Et20 
[959] NaAlH2(0CH2CH20Me)2,C^H^,80“ 

[955] AlH(-N^NMe) 2 ,THF,reflux 3 hrs 86% 

[ 972] NaBH^,BF^-Et20,THF,0°-^25M hr 

Reduction of aromatic carboxylic acids to alcohols can be achieved by 
hydrides and complex hydrides, e.g. lithium aluminum hydride [968\ sodium 
aluminum hydride and sodium bis{2-methoxyethoxy)aluminum hydride 
[544, 969, 970], and with borane (diborane) [976] prepared from sodium 
borohydride and boron trifluoride etherate [971, 977] or aluminum chloride 
[738, 978] in diglyme. Sodium borohydride alone does not reduce free car- 
boxylic acids. Anthranilic acid was reduced to the corresponding alcohol by 
electroreduction in sulfuric acid at 20-30° in 69-78% yield [979]. 

Reduction of aromatic carboxylic acids having hydroxy or amino groups 
in ortho or para positions is accompanied by hydrogenolysis when carried out 
with sodium bis{2-methoxyethoxy)aluminum hydride in xylene at 141-142°: o- 
and p-cresols [980] and o- and p-toluidines [981] respectively were obtained in 
yields ranging from 71% to 92%. mefa-Substituted benzoic acids under the 
same conditions gave m-hydroxybenzyl alcohol [980] and m-aminobenzyl 
alcohol [981] in 72% yields. Conversion of aromatic acids to hydrocarbons was 
accomplished with trichlorosilane. A mixture of 0. 1 mol of an acid and 0.6 mol 
of trichlorosilane in 80 ml acetonitrile was refluxed for 1 hour, then treated 
under cooling with 0.264 mol of tripropylamine and refluxed for 16 hours. 
After dilution with 850 ml of ether, removal of tripropylamine hydrochloride 
and evaporation of the ether, the residue was refluxed for 20 hours with 1 mol 
of potassium hydroxide in 120 ml of 80% aqueous methanol to give 78-94% 
yield of the corresponding hydrocarbon [982]. Hydrogenolysis to hydro- 
carbons may also occur in catalytic hydrogenations over nickel or copper 
chromite under very drastic conditions. 

Saturation of the aromatic rings in aromatic carboxylic acids takes place 
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during energetic hydrogenation, Gallic acid (3,4,5-trihydroxybenzoic acid) 
hydrogenated over 5% rhodium on alumina in 95% ethanol at 90-100'' and 
150atm gave, after 8-12 hours, 45-51% yield of a//-cw-3,4,5-trihydroxy- 
cyclohexanecarboxylic acid. Palladium, platinum, rhodium on other 
supports, and Raney nickel were less satisfactory as catalysts [983]. 

Sodium in liquid ammonia and ethanol reduced benzoic acid to 1,4-dihy- 
drobenzoic acid. Reduction of p-toluic acid was more complicated and af- 
forded a mixture of cis- and rra/2j-l,2,3,4-tetrahydro-p-toluic acid and cis- 
and fra«^-l,4-dihydrotoluic acid. w-Methoxy benzoic acid yielded 1, 2,3,4- 
tetrahydro-5-methoxybenzoic acid, and 3,4,5-trimethoxybenzoic acid gave 
l,4-dihydro-3,5-dimethoxy benzoic acid in 87% yield (after hydrogenolysis of 
the methoxy group para to carboxyl) [984\. In the case of 4'-methoxy- 
biphenyl-4-carboxylic acid, sodium in isoamyl alcohol at 130° reduced 
completely only the ring with the carboxylic group, thus giving 92% yield 
of 4-(p-methoxyphenyl)cyclohexanecarboxylic acid [955], 

1 -Naphthoic acid was reduced with sodium in liquid ammonia to 1,4- 
dihydro-1 -naphthoic acid which, after heating on a steam bath with 20% 
sodium hydroxide for 30 minutes, isomerized to 3,4-dihydro- 1 -naphthoic acid 
(yield 63%) [399\ 2-Naphthoic acid treated with 4 equivalents of lithium in 
liquid ammonia and ethanol gave 69% yield of l,2,3,4-tetrahydro-2- 
naphthoic acid. With 7 equivalents of lithium, l,2,3,4,5,8-hexahydro-2- 
naphthoic acid was obtained in 82% yield [986\. 

Partial reduction of the aromatic ring is especially easy in anthracene-9- 
carboxylic acid which was reduced to 9,10-dihydroanthracene-9-carboxylic 
acid with 2.5% sodium amalgam in aqueous sodium carbonate at 10° in 80% 
yield [957]. Aromatic carboxylic acids with hydroxyl groups in the ortho 
positions suffer ring cleavage during reductions with sodium in alcohols and 
are converted to dicarboxylic acids after fission of the intermediate j8-keto 
acids. 

Unsaturated aromatic carboxylic acids with double bonds conjugated with 
both the carboxyl and the aromatic ring undergo easy saturation of the double 
bond by catalytic hydrogenation over colloidal palladium [/067], Raney nickel 
[45], copper chromite [50] or tris(triphenylphosphine)rhodium chloride [56], 
generally in high to quantitative yields. Homogeneous catalytic hydrogena- 
tion using a chiral diphosphine-rhodium catalyst converted atropic acid (2- 
phenylacrylic acid) to S-hydratropic acid (2-phenylpropionic acid) in quan- 
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titative yield and 63% optical purity Double bonds were also saturated 
by treatment with nickel-aluminum alloy in 10% sodium hydroxide at 90- 
100° (yields 80-95%) [989, 990]. Cinnamic acid was reduced to hydrocinnamic 
acid not only by catalytic hydrogenation but also by electroreduction [991], 
by reduction with sodium amalgam [68] {Procedure 29, p. 212) and with 
chromous sulfate [974\. Lithium aluminum hydride reduces the above acids 
completely, at the carboxyl as well as at the double bond [968]. 

Acetylenic aromatic acids having the triple bond flanked by carboxyl and 
an aromatic ring were partially reduced to olefinic aromatic acids by chromous 
sulfate in aqueous dimethylformamide at room temperature in high yields. 
Phenylpropiolic acid afforded ^ran^'-cinnamic acid in 91% yield [195]. Its 
sodium salt in aqueous solution gave on catalytic hydrogenation over colloidal 
platinum at room temperature and atmospheric pressure 80% yield of cis- 
cinnamic acid if the reaction was stopped after absorption of 1 mol of hydro- 
gen. Otherwise phenylpropanoic acid was obtained in 75-80% yield [992]. 

REDUCTION OF CARBOXYLIC ACIDS CONTAINING 
SUBSTITUENTS OR OTHER FUNCTIONAL GROUPS 

Carboxylic acids containing halogens are easily reduced to halogenated alcohols 

by alanes or boranes. Lithium aluminum hydride could endanger more re- 
active halogens (p, 63). Borane in tetrahydrofuran converted chloroacetic 
acid to chloroethanol at 0-25° in 30 minutes in quantitative yield, and 2- 
bromododecanoic acid to 2-bromododecanol in 1 hour in 92% yield without 
hydrogenolyzing the reactive halogens in positons a to carboxyls [971]. 3- 
Bromopropanoic acid was reduced to 3-bromopropanol with an ethereal 
solution of alane (prepared from lithium aluminum hydride and aluminum 
chloride) at 35° in 50% yield [993], and with lithium aluminum hydride in ether 
by inverse technique at — 15° in 26% yield [993]. Alane in tetrahydrofuran at 
10° converted 3-chloropropanoic acid to 3-chloropropanol in 89% yield (61% 
isolated), and 3-bromobutanoic acid to 3-bromobutanol in 87% yield, both 
in 1 5 minutes [994]. p-Chlorobenzoic acid afforded ;?-chlorobenzyl alcohol on 
reduction with borane in diglyme in 64-88% yields [738, 977]. Partial replace- 
ment of one atom of iodine took place during reduction of 3,4,5-triiodoben- 
zoic acid which afforded 3,5-diiodobenzyl alcohol in 60% yield on treatment 
with lithium aluminum hydride. Similar reduction occurred with other 
polyiodinated benzene derivatives [995]. 

o-Chlorobenzoic acid and /?-bromobenzoic acid were transformed into o~ 
chlorotoluene and /?-bromotoluene in 94% yields on treatment with trichloro- 
silane and tripropylamine [982] (p. 139). On the other hand, o-, m- and p- 
chlorobenzoic acids were converted to benzoic acid in respective yields of 
91%, 64% and 82% by catalytic hydrogenation over Raney nickel in methan- 
olic potassium hydroxide at room temperature [556], and o-bromobenzoic 
acid was reduced quantitatively to benzoic acid over colloidal palladium 
in aqueous sodium hydroxide [996]. In iV-acetyl-^-(2-bromo-3-benzo- 
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furyl)alanine the bromine on the furan ring was replaced by hydrogen over 
Raney nickel at room temperature in 91% yield [548], In halogenated un- 
saturated acids having chlorine or bromine linked to sp^ carbons, catalytic 
hydrogenation may cause replacement of the halogen without saturation of 
the double bond. ^-Chlorocrotonic acid was converted to crotonic acid by 
hydrogenation over 10% palladium on barium sulfate at room temperature 
and atmospheric pressure [996\. On the other hand, on hydrogenation over 
10% palladium on charcoal at room temperature and atmospheric pressure 
dichloromaleic acid afforded predominantly succinic acid [68]. Vinylic fluor- 
ines in fluorobutenedioic acids are hydrogenolyzed with surprising ease. 
Products are always saturated acids, with or without fluorine [66], 



( 158 ) 



HO2C CO2H H,1 atm 

>C=C^ > 

F F 


HO2CHFGHFCO2H 

meso 


HO2CCHFCH2CO2H 


HO2CCH2CH2CO2H 


[ 66\ 10% Pd(C),Et20,-70‘’ 


37.5% 


41.2% 


2.5% 


10% Pd(C),Et20,25" 


19.0% 


70.0% 


11.0% 


10% Pd(C),H20,25“ 


0 


67.0% 


33.0% 


5% Rh(C),H20,25^ 


0 


11.0% 


89% 



Refluxing with zinc in ethanol reduced a-bromocinnamic acid to cinnamic 
acid in 80% yield [997]. Allylic chlorines in y,y,y-trichlorocrotonic acid were 
partly or completely hydrogenolyzed by zinc and sodium amalgam [519]. 
Hydrogenolysis of allylic bromine in a,^-unsaturated esters with zinc in acetic 
acid gave predominantly ^,y-unsaturated esters in 65-97% yields [998]. 

The biochemical reduction of a,^-unsaturated ^-haloaliphatic acids by 
means of Clostridium kluyveri yielded halogen-free saturated acids. The same 
products were obtained from saturated ^-halo acids. However, the same 
microorganism converted a,^-unsaturated a-halo acids to saturated a-halo 
acids with R configuration. Yields of reduction of a-fluoro-, a-chloro- and 
a-bromocrotonic acid ranged from 30% to 100% [iiO]. 

In carboxylic acids containing nitro groups borane reduced only the carboxyl 
group [738, 977] whereas ammonium sulfide reduced only the nitro group 
[2391 
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The diazonium group in o-carboxybenzenediazonium salts was replaced by 
hydrogen using sodium borohydride in methanol [593], or ethanol and ultra- 
violet irradiation [306]. Yields of benzoic acid were 77% and 92.5%, respec- 
tively. 
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The sulfidic bond in o,c>'-dicarboxydiphenyl disulfide was cleaved by zinc in 
refluxing acetic acid giving o-carboxythiophenol in 71-84% yield [999]. 

In 2,3-epoxybutyric acid sodium borohydride opened the epoxide ring with- 
out alfecting the carboxyl. Varying ratios of 2- and 3-hydroxybutyric acid 
were obtained depending on the reaction conditions. Sodium borohydride in 
alkaline solution gave 1 8% of a- and 82% of ^-hydroxybutyric acid while in 
the presence of lithium bromide the two isomers were obtained in 60:40 
percentage ratio [1000\ 

In keto adds, carboxyl was reduced preferentially to the carbonyl with 
borane in tetrahydrofuran. 4-Phenyl-4-ketobutanoic acid alforded 4-phenyl- 
4-ketobutanol in 60% yield [977]. 

Keto acids were reduced more frequently to hydroxy acids or to acids. On 
catalytic hydrogenation over Raney nickel cyclohexanone-4-carboxylic acid 
gave 86% yield of cw-4-hydroxycyclohexanecarboxylic acid and on reduction 
with 4% sodium amalgam 65-70% yield of the trans product [846\, 4-Keto-4- 
phenylbutanoic acid was hydrogenated over palladium on barium sulfate to 
4-hydroxy-4-phenylbutanoic acid which lactonized to a y-lactone (yield 73%) 
[1001\ The same compound was obtained in 73% yield on treatment with 
triethylsilane and trifluoroacetic acid [777]. In 4-ketodecanoic acid the keto 
group was reduced biochemically using baker’s yeast to a hydroxy group 
which lactonized to give 85% yield of the coresponding y-lactone [1002\ 
Phenylglyoxylic acid was transformed by heating at 100° with amalgamated 
zinc in hydrochloric acid to mandelic acid (a-hydroxyphenylacetic acid) in 
70% yield [1003], 

Refluxing of 9-fluorenone-l -carboxylic acid with zinc dust and copper 
sulfate in aqueous potassium hydroxide for 2.5 hours afforded 9-fluorenol- 
1 -carboxylic acid in 94% yield [1004], Reduction with sodium borohydride in 
aqueous methanol at 0-25° converted 5-ketopiperidine-2-carboxylic acid to 
/ra«.s-5-hydroxypiperidine-2-carboxylic acid in 54-61% yield [7005]. On the 
other hand, reduction of A^-benzyloxycarbonyl-5-ketopiperidine-2-carboxylic 
acid gave 89% yield of A^-benzyloxycarbonyl-cw-5-hydroxypiperidine-2-car- 
boxylic acid under the same conditions [7005]. 
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*The hydrogenation was carried out with the p-hydroxy derivative. 



Reduction of the keto group in keto acids to a methylene group was accom- 
plished by means of Clemmensen reduction. 4-Phenyl-4-oxobutanoic acid, on 
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refluxing with amalgamated zinc, hydrochloric acid and toluene, afforded 82- 
89% yield of 4-phenylbutanoic acid [1006\. Wolff-Kizhner reduction or its 
modifications were used for the conversion of 6-oxoundecanedioic acid to 
undecanedioic acid (yield 87-93%) [1007\, and for the transformation of 
/7-phenoxy-4-phenyl-4-oxobutanoic acid to p-phenoxy-4-phenylbutanoic 
acid (yield 95-96%) [281], o-Benzoylbenzoic acid was reduced to di- 
phenylmethane-o-carboxylic acid in 85% yield by refluxing for 120 hours 
with ethanolic aqueous hydriodic acid and phosphorus [228], and p-benzoyl- 
benzoic acid gave p-benzylbenzoic acid on reduction with trie thy Isilane and 
trifluoroacetic acid in 50% yield (50% recovered) [777]. The latter reagent 
reduced only keto acids with the keto group adjoining the benzene ring, and 
not without exceptions [777]. 

REDUCTION OF ACYL CHLORIDES 

Reduction of acyl chlorides is exceptionally easy. Depending on the reagents 
and reaction conditions it can lead to aldehydes or to alcohols. Catalytic 
hydrogenation to aldehydes can be achieved by simply passing hydrogen 
through a solution of an acyl chloride in the presence of a catalyst. Since the 
product of the reaction of the acyl chloride with one molecule of hydrogen - 
the aldehyde - is further reducible to the stage of alcohol, a very inefficient 
catalyst must be used which catalyzes only the addition of hydrogen to the 
acyl chloride but does not catalyze the reaction of hydrogen with the aldehyde. 
Such a catalyst was made by deactivating palladium on barium sulfate by 
sulfur compounds like the so-called quinoline-5 prepared by boiling quinoline 
with sulfur [i5]. Even better results were obtained by deactivating platinum 
oxide with thiourea [1008], The reaction referred to as Rosenmund reduction 
[i5] is carried out by bubbling hydrogen through a solution of an acyl chloride 
in boiling toluene or xylene containing deactivated palladium on barium 
sulfate. Hydrogen chloride produced by the reaction is removed from the 
reaction mixture by a current of hydrogen which is then passed through a 
scrubber containing sodium or potassium hydroxide. In this way the progress 
of the reaction can be followed by determination of the amount of hydrogen 
chloride absorbed in the scrubber [35], Reduction yields range from 50% to 
97% [1008, 1009]; 2,4,6-trimethylbenzoyl chloride was converted to 2,4,6- 
trimethylbenzaldehyde in 70-80% yield [1010], 

A variation of the Rosenmund reduction is heating of an acyl chloride at 
50° with an equivalent of triethylsilane in the presence of 10% palladium on 
charcoal. Yields of aldehydes obtained by this method ranged from 45% to 
75% [50]. 

Disadvantages of the Rosenmund reduction are high temperature, some- 
times necessary to complete the reaction, and long reaction times. In this 
respect, reduction with complex hydrides offers considerable improvement. 
Again special, not too efficient reagents must be used; otherwise the reduction 
proceeds further and gives alcohols (p. 145). One of the most suitable complex 
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hydrides proved to be lithium tris{tert-butoxy)aluminum hydride which, 
because of its bulkiness, does not react at low temperatures with the aldehydes 
formed by the reduction. The highest yields of aldehydes (52-85%) were 
obtained if the reduction was performed in diglyme at —75° to —78° for 1 
hour [95, 1011] {Procedure 16, p. 208). 

Another hydride for the preparation of aldehydes from acyl chlorides is 
obtained by treatment of a mixture of cuprous chloride and triphenylphos- 
phine, trimethyl phosphite or triisopropyl phosphite in chloroform with an 
ethanolic solution of sodium borohydride. Such reagents reduce acyl chlor- 
ides to aldehydes in acetone solutions at room temperature in 15-90 minutes 
in yields ranging from 57% to 83% [775], 

Both above mentioned complex hydrides have been successfully used for 
the preparation of unsaturated aldehydes from unsaturated acyl chlorides (yields 
48-71%) [1011] and for the synthesis of p-nitrobenzaldehyde from p-nitroben- 
zoyl chloride [775, 1011], a reduction which could hardly be achieved by 
applying catalytic hydrogenation. 
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a,^-Unsaturated acyl chlorides are also converted to a,^-unsaturated al- 
dehydes in 94-100% yields by treatment with triethyl phosphite and sub- 
sequent reduction of the diethyl acylphosphonate with sodium borohydride at 
room temperature followed by alkaline hydrolysis [7072]. 

Complete reduction of acyl chlorides to primary alcohols is not nearly as 
important as the reduction to aldehydes since alcohols are readily obtained 
by reduction of more accessible compounds such as aldehydes, free carboxylic 
acids or their esters [83, 968], Because aldehydes are the primary products of 
the reduction of acyl chlorides strong reducing agents convert acyl chlorides 
directly to alcohols. 

Catalytic hydrogenation is hardly ever used for this purpose since the 
reaction by-product - hydrogen chloride - poses some inconveniences in the 
experimental procedures. Most transformations of acyl chlorides to alcohols 
are effected by hydrides or complex hydrides. Addition of acyl chlorides to 
ethereal solutions of lithium aluminum hydride under gentle refluxing pro- 
duced alcohols from aliphatic, aromatic and unsaturated acyl chlorides in 
72-99% yields [55]. The reaction is suitable even for the preparation of 
halogenated alcohols. Dichloroacetyl chloride was converted to dichloro- 
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ethanol in 64-65% yield [1013\ Sodium aluminum hydride converted acyl 
chlorides to alcohols in 94-99% yields [88], sodium bis{2-methoxy- 
ethoxy)aluminum hydride in 52-99% yields [969]. For the reduction of ol,^- 
unsaturated acyl chlorides a reverse technique is used [544, 969]. Reduction of 
acyl chlorides to alcohols can also be accomplished using alanes generated in 
situ from lithium aluminum hydride and aluminum chloride in ethereal so- 
lutions. These reagents are especially suitable for reduction of halogenated 
acyl chlorides which, in reductions with lithium aluminum hydride, sometimes 
yield halogen-free alcohols [993]. Reductions of 3-bromopropanoyl chloride 
with alane gave higher yields (76-90%) than reduction with lithium aluminum 
hydride (46-87%) even when a normal (not reverse) technique was used [787, 
993]. 
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High yields (76-81%) of alcohols are also obtained by adding solutions of 
acyl chlorides in anhydrous dioxane or diethyl carbitol to a suspension of 
sodium borohydride in dioxane and brief heating of the mixtures on the steam 
bath [751], by stirring solutions of acyl chlorides in ether for 2-4 hours at 
room temperature with aluminum oxide (activity I) impregnated with a 50% 
aqueous solution of sodium borohydride (Alox) (yields 80-90%) [1014], by 
refluxing acyl chlorides with ether solutions of sodium trimethoxyborohydride 
[99], or by treatment of acyl chlorides in dichloromethane solutions with 
tetrabutylammonium borohydride at —78° [771]. A 94% yield of neopentyl 
alcohol was achieved by the reaction of trimethylacetyl chloride with tert^ 
butylmagnesium chloride [324]. 

REDUCTIONS OF ACID ANHYDRIDES 

Reductions of anhydrides of monocarboxylic acids to alcohols are very rare 
but can be accomplished by complex hydrides [55, 99]. More frequent are 
reductions of cyclic anhydrides of dicarboxylic acids, which give lactones. Such 
reductions were carried out by catalytic hydrogenation, by complex hydrides 
and by metals. 

Hydrogenation of phthalic anhydride over copper chromite afforded 82.5% 
yield of the lactone, phthalide, and 9.8% of o-toluic acid resulting from 
hydrogenolysis of a carbon-oxygen bond [1015]. Homogeneous hydro- 
genation of a,a-dimethylsuccinic anhydride over tris(triphenylphos- 
phine)rhodium chloride gave 65% of a,a-dimethyl- and 7% of /S,/S-dimethyl- 
butyrolactone [1016]. 
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Powerful complex hydrides like lithium aluminum hydride in refluxing ether 
[5i] or refluxing tetrahydrofuran [1017] reduce cyclic anhydrides to diols. 
Phthalic anhydride was thus transformed to phthalyl alcohol (o-hydroxy- 
methylbenzyl alcohol) in 87% yield [83]. Similar yields of phthalyl alcohol 
were obtained from phthalic anhydride and sodium bis{2-methoxyethoxy)’ 
aluminum hydride [544, 969]. 

Under controlled conditions, especially avoiding an excess of lithium alu- 
minum hydride and performing the reaction at — 55°, cyclic anhydrides were 
converted to lactones in high yields. Both cis- and 1 -methyl- 1,2, 3,6- 

tetrahydrophthalic anhydride and cis- and /ranj-hexahydrophthalic an- 
hydride were reduced to lactones at the carbonyl group adjoining the 
methyl-carrying carbon in yields of 75-88.6% [1017]. Similar results, including 
the stereospecificity (where applicable), were obtained by reduction with 
sodium borohydride in refluxing tetrahydrofuran or dimethylformamide at 0- 
25° in yields of 51-97% [1018, 1019]. 

Other reagents used for the preparation of lactones from acid anhydrides 
are lithium borohydride [1019], lithium trie thy Iborohydride (Superhydride’*') 
[1019] and lithium tris{sec-butyt)borohydride (L-Selectride*) [1019]. Of the 
three complex borohydrides the last one is most stereoselective in the reduc- 
tion of 3-methylphthalic anhydride, 3-methoxyphthalic anhydride, and 1- 
methoxynaphthalene-2,3-dicarboxylic anhydride. It reduces the less sterically 
hindered carbonyl group with 85-90% stereoselectivity and is 83-91% yield 
[1019]. 

Results of reductions of cyclic anhydrides to lactones with sodium amalgam 
or with zinc are inferior to those achieved by complex hydrides [1020]. How- 
ever, 95.6% yield of phthalide was obtained by reduction of phthalimide with 
zinc in sodium hydroxide [1021]. 




[1015] H2/CuCr20^,C^H^,260",215 atm 82.5% 

[83] LiAlH^,Et20, reflux 
[969] NaAlH2(OCH2CH2aMe)2.C^H^,80”,1.5 hr 

[1018] NaBH^,DMF,0°-25°,l hr 97% 

[too] LiBHEt^,THF,0°,l hr 76% 

[1020] Zn.AcOH 30-35% 
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REDUCTION OF ESTERS AND LACTONES OF CARBOXYLIC 
ACIDS 

Reduction of esters of carboxylic acids is complex and takes place in stages 
and by different routes. In the first stage hydrogen adds across the carbonyl 
double bond and generates a hemiacetal (route a), or else it can hydrogenolyze 



♦Trade name of the Aldrich Chemical Company. 
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the alkyl-oxygen bond and form an acid and a hydrocarbon (route b). The 
latter reaction is very rare and is mainly limited to esters of tertiary and 
benzyl-type alcohols. The hemiacetal is further reduced so that hydrogen 
replaces either the hydroxylic group (route c) and gives an ether, or else 
replaces the alkoxy group and gives an alcohol (route d). Alternatively the 
hemiacetal may eliminate one molecule of alcohol and afford an aldehyde 
(route e) which is subsequently reduced to the same alcohol which was formed 
by route d. The hemiacetals can be isolated in esters of carboxylic acids 
containing electron-withdrawing substituents. One electron reduction 
achieved by metals leads to acyloins (route f). The difference in the reaction 
pathways depends mainly on the reducing agents. 

(m) 




By the use of aluminum hydrides and complex hydrides esters can be 
reduced to aldehydes in respectable yields. The reductions are usually carried 
out at subzero temperatures, frequently under cooling with dry ice. Lithium 
aluminum hydride is too powerful and even at — 78° reduced methyl hexanoate 
in tetrahydrofuran not only to hexanal (49%) but also to 1-hexanol (22%) 
[1022]. Potassium aluminum hydride in diglyme at — 15° produced 54% yield 
of butanal from ethyl butyrate [1022], and sodium aluminum hydride in tetra- 
hydrofuran at —45° to —60° afforded 80% yield of 3-phenylpropanal from 
methyl hydrocinnamate [1022]. Diisobutylaluminum hydride in ether, hexane 
or toluene at —70°, and sodium diisobutylaluminum hydride in ether at 
— 70° were also used and gave, respectively, 50-88% and 60-80% yields of 
aldehydes from methyl and ethyl esters of aliphatic as well as aromatic 
carboxylic acids. Aromatic esters require lower temperatures and longer times, 
and give 10-15% lower yields than the aliphatic ones [1022, 1023]. Diisobu- 
tylaluminum hydride is frequently used for reduction of esters to aldehydes 
in syntheses of natural products [1024]. Diethyl octafluoroadipate in tetra- 
hydrofuran was reduced quantitatively with sodium bis{2-methoxy- 
ethoxy)aluminum hydride in toluene at — 70° to — 50° to the bis-hemiacetal, 
2,2,3,3,4,4,5,5-octafluoro-l,6-diethoxy-l,6-hexanediol, which on distillation 
with phosphorus pentoxide gave a 64% yield of octafluorohexanediol [68, 
1025]. With less powerful hydrides such as lithium tris{tert-butoxy)aluminum 
hydride or bis(N-methylpiperazino)aluminum hydride and similar amino hy- 
drides the reductions were carried out at 0°, at room temperature and even at 
higher temperatures. The former reagent converted phenyl esters to aldehydes 
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in tetrahydrofuran at 0° in yields of 33-77% [1026\\ the latter hydride reduced 
alkyl esters in tetrahydrofuran at 25° or on refluxing in 56-86% yields [1027\. 



C5H11CO2ME > 

\1022\ LiAlH^,THF,-78“ 

[1022] NaAlH^,TBF,-60® to -45“,3 hrs 
[102Z] NaAlH2(CH2CHMe2)2,Et2O.-70‘’ 

[102Z] AlH(CH 2 CHMe 2 ) 2 »PhMe or 0.5-1 hr 

[1027] AlH(N^^NMe) 2 ,TKF,reflux 6 hrs** 



C5H^^CH0 

49%* 

85% 

72% 

85% 

78% 



*Hexanol was formed in 22% yield. **Ethyl ester was reduced. 
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Reduction of lactones leads to cyclic hemiacetals of aldehydes. With a sto- 
ichiometric amount of lithium aluminum hydride in tetrahydrofuran at — 10° 
to —15° and using the inverse technique, y-valerolactone was converted in 
58% yield to 2-hydroxy- 5-methyltetrahydrofuran, and a-methyl-^-caprolac- 
tone in 64.5-84% yield to 3,6-dimethyl-2-hydroxytetrahydropyran [1028]. 
Also diisobutylaluminum hydride in tetrahydrofuran solutions at subzero tem- 
peratures afforded high yields of lactols from lactones [1024], 

Reduction of lactones to aldehyde-hemiacetals is of the utmost importance 
in the realm of saccharides. The old method of converting aldonolactones to 
aldoses by means of sodium amalgam was superseded by the use of sodium 
borohydride, which usually gives good yields, is easy to handle and is very 
suitable because of its solubility in water, the best solvent for sugars [1029], 
However, the yields of sodium borohydride reductions are not always high 
[1030], and yields of sodium amalgam reductions can be greatly improved if 
the reductions are carried out at pH 3-3.5 with 2.5-3 g-atoms of sodium in 
the form of a 2.5% sodium amalgam with particle size of 4-8 mesh. Yields of 
50-84% of aldoses were thus obtained [1031], 

The reduction of esters to ethers is of limited practical use. Good results 
were obtained only with esters of tertiary alcohols using 2 mol of borane 
generated from sodium borohydride and an enormous excess (30 mol) of 
boron trifluoride etherate in tetrahydrofuran and diglyme. Butyl, ^ec-butyl 
and tert-h\xty\ cholanates were converted to the corresponding ethers, 24- 
butoxy-, sec-huioxy~ and rer/-butoxy-5)S-cholanes, in respective yields of 7%, 
41% and 76%, and /^r?-butyl 5a-pregnane-20-S-carboxylate to 20-S-/er^- 
butoxymethylene-5a-pregnane in 76% yield [1032], 

[1032] ( 146 ) 

CHt CHt 

I ^ I ^ 
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Reduction of esters by trichlorosilane in tetrahydrofuran in the presence of 
/er/-butyl peroxide and under ultraviolet irradiation gave predominantly 
ethers from esters of primary alcohols, while esters of tertiary alcohols were 
cleaved to acids and hydrocarbons. Esters of secondary alcohols gave mix- 
tures of ethers and acids/hydrocarbons in varying ratios. 1-Adamantyl tri- 
methylacetate, for example, afforded 50-100% yields of mixtures containing 
2-42% of 1-adamantyl neopentyl ether and 58-98% of adamantane and 
trimethylacetic acid [1033]. 

A more useful way of reducing esters to ethers is a two-step procedure 
applied to the reduction of lactones to cyclic ethers. First the lactone is treated 
with diisobutylaluminum hydride in toluene at —78°, and the product - a 
lactol - is subjected to the action of triethylsilane and boron trifluoride 
etherate at —20° to —70°. y-Phenyl-y-butyrolactone was thus transformed to 
2-phenyltetrahydrofuran in 75% yield, and 5-lactone of 3-methyl-5-phenyl- 
5-hydroxy-2-pentenoic acid to 4-methyl-2-phenyl-2,3-dihydropyran in 72% 
yield [1034]. 

Oeavage of esters to acids and hydrocarbons mentioned above was achieved 
not only with hydrides but also by catalytic hydrogenation and reduction with 
metals. For example the acetate of mandelic acid was converted to mandelic 
acid and acetic acid by hydrogenation at 20° and 1 atm over palladium on 
barium sulfate in ethanol in the presence of triethylamine in 10 minutes [1035], 
and a,a-diphenylphthalide was reduced by refluxing for 5 hours with zinc in 
formic acid to a,a-diphenyl-o-toluic acid in 92% yield [1036]. Such reductions 
are of immense importance in esters of benzyl- type alcohols where the yields 
of the acids are almost quantitative. 

The most common hydrogenolysis of benzyl esters is accomplished by 
catalytic hydrogenation over palladium catalysts. This reaction is very useful 
since it removes benzylic protective groups under very gentle conditions 
(room temperature, atmospheric pressure) without using media which could 
damage sensitive functions in the molecule. Hydrogenolysis of benzyl esters is 
very easy and takes preference to saturation of double bonds, to reduction of car- 
bonyls in amides, and takes place even in the presence of divalent sulfur 
in the molecule [1037]. Dibenzyl 4-methoxycarbonyl-3-indolylmethylaceta- 
midomalonate over palladium on charcoal in methanol at 20° and 1 atm was 
debenzylated to the free dicarboxylic acid in 1.5 hours in 75% yield [1038]. 
Dibenzyl esters of acylmalonic acids are hydrogenolyzed over 10% palladium 
on carbon or strontium carbonate at 30°. Under these conditions double 
decarboxylation takes place, giving ketones in 60-91% yields [1039]. 
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Catalytic hydrogenolysis is frequently used for cleavage of benzyl alkyl 
carbonates or carbamates. The free-acid resulting from the hydrogenolysis - 
alkylcarbonic or alkylcarbamic acid - spontaneously decarboxylates to a 
hydroxy or amino compound. Many examples are found in the field of amino 
acids where benzyloxycarbonyl and p-nitrobenzyloxycarbonyl groups tem- 
porarily protect amino groups [1040, 1041, 1042, 1043, 1044\, Hydrogenolysis 
is very easy and takes place in preference to saturation of double bonds [728], 
prior to reduction of the nitro group [1042, 1044], and even in the presence of 
divalent sulfur in the molecule [599, 728]. However, the azido group is hydro- 
genated preferentially to the hydrogenolysis of the benzyl ester [599]. Cyclo- 
hexene and cyclohexadiene can be used as hydrogen donors in the catalytic 
hydrogen transfer over palladium on charcoal [77, 1045] {Procedure 10, p. 
206). 



H,/Pd 

PHCH2OCOOR PHCH3 + HOCOOR > HOR + CO2 

PHCH2OCONHR -■ ? -■ -> PHCH3 + HOCONHR > H2NR + CO2 

Cleavage of alkyl-oxygen bonds of other than benzyl-type esters took place 
in esters of a-keto alcohols. 3)S,17a-Diacetoxyallopregnan-20-one gave 3)5- 
acetoxyallopregnan-20-one on refluxing with zinc in acetic acid (yield 89%) 
[918], and a lactone of /ra«.y-2,9-diketo-la-carboxymethyl-l-hydroxy-8- 
methyl-1, la,2,3,4,4a,-hexahydrofluorene was hydrogenolyzed to the free acid 
with chromous chloride in acetone at room temperature (yield 65%) [1046]. 
Also the vinylog of an ester of an a-keto alcohol, namely d^-cholesten-6)S- 
ol-3-one acetate, underwent alkyl-oxygen hydrogenolysis by refluxing with 
zinc dust in acetic acid and gave cholest-4-en-3-one in 67% yield [1047]. 




Reactions reminiscent of pinacol reduction take place if esters are treated 
with sodium in aprotic solvents. The initially formed radical anion dimerizes 
and ultimately forms an a-hydroxy ketone, an acyloin. Such ^acyloin conden- 
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sation’ of esters is especially useful with esters of a,cy-dicarboxylic acids of at 
least six carbons in the chain for cyclic acyloins are formed in very good 
yields. The best yields are obtained if the reduction is carried out with an 
exactly stoichiometric amount of sodium (2 g-atoms per molecule of ester) 
under an inert gas in boiling toluene or xylene which dissolves the reaction 
intermediates and keeps sodium in a molten state. Open-chain acyloins of 8- 
18 carbons were thus synthesized in 80-90% yields [1048], and cyclic acyloins 
of 9, 10, 12, 14 and 20 carbons in 30, 43, 65, 47 and 96% yields [1049, 1050, 
1051] {Procedure 27, p. 21 1). 
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By far the most frequent reduction of esters is their conversion to alcohob. 
The reaction is important not only in the laboratory but also on an industrial 
scale where it is used mainly for hydrogenolysis of fats to fatty alcohols and 
glycerol. Lactones are reduced to diols. 

The reduction of esters to alcohols has an interesting history. The oldest 
reduction - the Bouveault-Blanc reaction [1052] - carried out by adding 
sodium into a solution of an ester in ethanol, did not give very high yields, 
possibly because of side reactions like Claisen condensation. With some 
modifications good yields (65-75%) were obtained with esters of monocar- 
boxylic acids [1053], dicarboxylic acids (73-75%) [1054], and even unsaturated 
acids containing non-conjugated double bonds (49-51%) [1055]. The main 
improvement was use of an inert solvent such as toluene or xylene and of a 
secondary alcohol which is acidic enough to decompose sodium-containing 
intermediates but does not react too rapidly with sodium: the best of all is 
methylisobutylcarbinol (4-methyl-2-pentanol). Under these conditions the 
precise theoretical amounts of sodium and the alcohol may be used, which 
prevents side reactions such as acyloin and Claisen condensations. The re- 
action is best carried out by adding a mixture of the ester, alcohol and toluene 
or xylene into a stirred refluxing mixture of sodium and xylene at a rate 
sufficient to maintain reflux. Yields obtained in this modification are close to 
theoretical, or at least 80% [135], The amount of sodium and the alcohol is 
given by the following stoichiometric equation accounting for the individual 
reaction steps: 
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RC=0 R^-ONa -EtoNa RCH-ONa 
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RCH=0 ■ > RCH-ONa > RCH,0Na > RCHoOH 

6 ^ -EtONa ^ -NaOH ^ 

Na® 
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RCO 2 ET + I) Na + 2 EtOH + H 2 O = RCH 2 OH + 3 EtONa + NaOH 

The reduction as described is applicable to small as well as large scale 
operations provided safety precautions necessary for handling molten sodium 
and sodium dispersion are observed. 

Catalytic hydrogenation of esters to alcohols is rather difficult, therefore it 
is not surprising that feasible ways of hydrogenolyzing esters were developed 
relatively recently. The main breakthrough was the discovery of special cata- 
lysts based on oxides of copper, zinc, chromium [50, 57, 52] and other 
metals [42]. Such catalysts are especially suited for hydrogenolysis of carbon- 
oxygen bonds. They are fairly resistant to catalytic poisons but require high 
temperatures (100-300'') and high pressures (l^-350atm) [620, 1056, 1057, 
1058]. Yields of the alcohols are high to quantitative [620, 1057]. Side re- 
actions include hydrogenolysis of carbon-oxygen bonds in diols resulting 
from hydrogenation of hydroxy or keto esters, hydrogenolysis of glycerol to 
propylene glycol during the hydrogenation of fats to fatty alcohols, and 
hydrogenolysis of some aromatic alcohols to hydrocarbons or basic hetero- 
cycles [428]. Unsaturated esters are usually converted to saturated alcohols 
on the copper chromite catalysts, but unsaturated alcohols are obtained in 37- 
65% yield if zinc chromite is used at 280-300" and 200 atm [52]. Benzene rings 
resist hydrogenation but pyridine rings are hydrogenated to piperidine rings 
[620]. Also pyrrole nuclei are partly saturated to pyrrolidines with the con- 
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comitant hydrogenolysis of the intermediate alcohols. Esters of alkyl pyr- 
rolecarboxylates are converted to alkylpyrroles and alkylpyrrolidines [428\. 

Hydrogenation temperatures can be lowered down to 125-150® when a 
large excess of the catalyst is used. Such a modification is especially useful in 
reductions of hydroxy and keto esters since the hydrogenolysis of diols or 
triols to alcohols is considerably lower and yields of the products range from 
60% to 80%. The amounts of catalysts used in such experiments were up to 
1.5 times the weight of the ester under the pressure of 350 atm [65], 
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With the same excess of catalysts hydrogenations of the esters over Raney 
nickel could be carried out at temperatures as low as 25-125® at 3 50 atm with 
comparable results (80% yields). However, benzene rings were saturated 
under these conditions [65]. In addition to nickel and copper, zinc and 
chromium oxides, rhenium obtained by reduction of rhenium heptoxide also 
catalyzes hydrogenation of esters to alcohols at 150-250® and 167-340 atm in 
35-100% yields [42]. 

Both older methods for the reduction of esters to alcohols, catalytic hydro- 
genation and reduction with sodium, have given way to reductions with 
hydrides and complex hydrides which have revolutionized the laboratory 
preparation of alcohols from esters. 

Countless reductions of esters to alcohols have been accomplished using 
lithium aluminum hydride. One half of a mol of this hydride is needed for 
reduction of 1 mol of the ester. Ester or its solution in ether is added to a 
solution of lithium aluminiun hydride in ether. The heat of reaction brings 
the mixture to boiling. The reaction mixture is decomposed by ice-water and 
acidified with mineral acid to dissolve lithium and aluminum salts. Less 
frequently sodium hydroxide is used for this purpose. Yields of alcohols are 
frequently quantitative [83, 1059]. Lactones afford glycols (diols) [576]. 

Esters are also reduced by sodium aluminum hydride (yields 95-97%) [55] 
and by lithium trimethoxyaluminum hydride (2 mol per mol of the ester) [94] 
but not by lithium tris{tert-hutoxy)aluminum hydride \96]. Another complex 
hydride, sodium bis(2-methoxyethoxy)aluminum hydride, reduces esters in ben- 
zene or toluene solutions (1 . 1 -1 .2 mol per ester group) at 80® in 1 5-90 minutes 
in 66-98% yields [969]. Magnesium aluminum hydride (in the form of its 
tetrakistetrahydrofuranate) reduced methyl benzoate to benzyl alcohol in 
58% yield on refluxing for 2 hours in tetrahydrofuran [89]. 

Alane, formed in situ from lithium aluminum hydride and aluminum chlor- 
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ide, reduces esters (1.3 mol per mol of ester) in tetrahydrofuran at 0° in 1 5-30 
minutes in 83-100% yields [994]. Because it does not reduce some other 
functions it is well suited for selective reductions [993, 994] (p. 159). 

Other reagents used for reduction are boranes and complex borohydrides. 
Lithium borohydride whose reducing power lies between that of lithium alu- 
minum hydride and that of sodium borohydride reacts with esters sluggishly 
and requires refluxing for several hours in ether or tetrahydrofuran (in 
which it is more soluble) [750]. The reduction of esters with lithium boro- 
hydride is strongly catalyzed by boranes such as B-methoxy-9-bora- 
bicyclo[3.3.1]nonane and some other complex lithium borohydrides such 
as lithium triethylborohydride and lithium 9-borabicyclo[3.3.1]nonane. 
Addition of 10mol% of such hydrides shortens the time necessary for com- 
plete reduction of esters in ether or tetrahydrofuran from 8 hours to 0.5-1 
hour [1060]. 

Sodium borohydride reduces esters only under special circumstances. An 
excess of up to 16 mol of sodium borohydride refluxed with 1 mol of the ester 
in methanol for 1-2 hours produces 72-93% of alcohols from aliphatic, 
aromatic, heterocyclic and a,)3-unsaturated esters. The conjugated double 
bonds, especially if also conjugated with aromatic rings, are saturated in 
many instances [1061]. In polyethylene glycols reductions of aliphatic, aro- 
matic and a,j3-unsaturated esters are accomplished by heating at 65"" for 10 
hours with 3 mol of sodium borohydride per mol of the ester [1062]. Tetra- 
butylammonium borohydride is unsuitable for the reduction of esters [771]. 
On the other hand, calcium borohydride in tetrahydrofuran reduces esters at 
a rate higher than sodium borohydride and lower than lithium borohydride, 
and in alcoholic solvents even higher than lithium borohydride. When esters 
are treated with stoichiometric amounts (0.5 mol) of lithium borohydride in 
ether or tetrahydrofuran, or calcium borohydride in tetrahydrofuran, and the 
mixtures after addition of toluene are heated to 100'" while the more volatile 
solvents distill off, 70-96% yields of alcohols are usually obtained in 0.5-2 
hours [1063], Sodium trimethoxyborohydride was also used for reduction of 
esters to alcohols at higher temperatures but in poor yields [99]. 

The efficient lithium triethylborohydride converts esters to alcohols in 94- 
100% yields in tetrahydrofuran at 25° in a few minutes when 2 mol of the 
hydride per mol of the ester are used [100]. 

Borane prepared by adding aluminum chloride to a solution of sodium 
borohydride in diethylene glycol dimethyl ether (diglyme) reduced aliphatic 
and aromatic esters to alcohols in quantitative yields in 3 hours at 25° using 
a 100% excess, or in 1 hour at 75° using a 25% excess of lithium borohydride 
over 2 mol of the hydride per mol of the ester [738] {Procedure 20, p. 209). 

A solution of borane in tetrahydrofuran reduces esters at room temperature 
only slowly [977]. Under such conditions free carboxylic groups of acids are 
reduced preferentially: monoethyl ester of adipic acid treated with 1 mol of 
borane in tetrahydrofuran at — 18° to 25° gave 88% yield of ethyl 6-hydroxy- 
hexanoate [971]. Borane-dimethyl sulfide in tetrahydrofuran was used for 
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reduction of esters to alcohols on refluxing for 0.5-16 hours and allowing the 
dimethyl sulfide to distill off (yields 73-97%) [1064\. 
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Methyl ester. 

Other hydrides used for the conversion of esters to alcohols are magnesium 
aluminum hydride in tetrahydrofuran [59, 577] and magnesium bromohydride 
prepared by decomposition of ethylmagnesium bromide at 235° for 2.5 hours 
at 0.5mm [7055]. They do not offer special advantages (the latter giving only 
35% yield of benzyl alcohols from ethyl benzoate). 



Reduction of Unsaturated Esters 

The reduction of unsaturated esters encompasses the reduction of esters 
containing double and triple bonds, usually in a,^ positions, and/or aromatic 
rings. Such esters may be converted to less saturated or completely saturated 
esters, to unsaturated or less unsaturated alcohols or to saturated alcohols. 
Presence of aromatic rings in conjugation with the multiple bonds facilitates 
saturation of the bonds. Aromatic rings are hydrogenated only after the 
saturation of the double bonds. 

Catalytic hydrogenation of olefimc esters under mild conditions affords 
saturated esters whether or not the double bonds are conjugated. Methyl 6- 
methoxy-l,2,3,4-tetrahydro-l-naphthylidenecrotonate absorbed 1 mol of 
hydrogen in 8.5 minutes on hydrogenation over Raney nickel in ethanol and 
acetic acid at room temperature and atmospheric pressure and gave methyl 
7-(6-methoxy-l,2,3,4-tetrahydronaphthylidene)butyrate in 96% yield. Here 
the a, ^-conjugated double bond was saturated in preference to the y,d bond 
[7055]. 

Hydrogenation over nickel catalyst at high temperatures and pressures 
affects aromatic rings. Over Urushibara nickel at 106-150° and 54 atm, ethyl 
benzoate gave ethyl hexahydrobenzoate in 82% yield [48\. 

Methyl cinnamate was reduced quantitatively to methyl 3-phenylpropa- 
noate by hydrogen over colloidal palladium at room temperature and atmos- 
pheric pressure [7057]; ethyl cinnamate was reduced to ethyl 3-phenylpropa- 
noate over tris(triphenylphosphine)rhodium chloride in ethanol at 40-60° 
and 4-7 atm in 93% yield [55], and over copper chromite at 150° and 175 atm 
in 97% yield [420]. On the other hand, hydrogenation of ethyl cinnamate over 
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Raney nickel at 250° and 100-200 atm afforded 88% yield of ethyl 3-cyclo- 
hexylpropanoate [1068\ and hydrogenation of the same compound over 
copper chromite at 250° and 220 atm gave 83% yield of 3-phenylpropanol 
[1057] (p. 158). 

Sodium borohydride under normal conditions does not reduce ester groups 
but reduces (in 59-74% yields) double bonds in dialkyl alkylidenemalonates 
(and cyanoacetates) where the double bonds are cross-conjugated with two 
carboxylic groups [1069, 1070]. A high yield (80%) was also obtained in the 
reduction of ethyl atropate (ethyl a-phenylacrylate), where the double bond 
is conjugated with one carboxyl and one phenyl group [1070]. Ethyl acrylate 
gave, under the same conditions, only a 25% yield (possibly because of 
polymerization). The reduction was carried out by allowing equimolar quant- 
ities of sodium borohydride and the ester in ethanol or isopropyl alcohol to 
react first at 0-5° for 1 hour and then at room temperature for 1-2 hours 
[1070]. 

Conjugated double bonds were also reduced in methyl 3-methyl-2-buten- 
oate with tributylstamane on irradiation with ultraviolet light at 70° (yield of 
methyl isovalerate was 90%) [1071], and in diethyl maleate and diethyl fu- 
marate which afforded diethyl succinate in respective yields of 95% and 88% 
on treatment with chromous sulfate in dimethylformamide at room tempera- 
ture [974, 1072]. 

Unsaturated alcohols can be obtained from unsaturated esters under special 
precautions. Catalytic hydrogenation over zinc chromite converted butyl 
oleate to oleyl alcohol (9-octadecenol) in 63-65% yield even under very 
energetic conditions (283-300°, 200 atm) [52]. 

Much more conveniently, even a,)S-unsaturated esters can be transformed 
into a,)S-unsaturated alcohols by very careful treatment with lithium aluminum 
hydride [1073], sodium bis{2-methoxyethoxy)aluminum hydride [544] or diiso- 
butylalane [1151] (Procedure 18, p. 208). An excess of the reducing agent must 
be avoided. Therefore the ‘inverse technique’ (addition of the hydride to the 
ester) is used and the reaction is usually carried out at low temperature. In 
hydrocarbons as solvents the reduction does not proceed further even at 
elevated temperatures. Methyl cinnamate was converted to cinnamyl alcohol 
in 73% yield when an equimolar amount of the ester was added to a suspension 
of lithium aluminum hydride in benzene and the mixture was heated at 59- 
60° for 14.5 hours [1073]. Ethyl cinnamate gave 75.5% yield of cinnamyl 
alcohol on ‘inverse’ treatment with 1.1 mol of sodium bis(2-methoxy- 
ethoxy)aluminum hydride at 15-20° for 45 minutes [544]. 

Complete reduction of unsaturated esters to saturated alcohols takes place 
when the esters are hydrogenated over Raney nickel at 50° and 150-200 atm 
[44] or over copper chromite at temperatures of 250-300° and pressures of 
300-350 atm [52, 1056] (p. 1 53). In contrast to most examples in the literature 
the reduction of ethyl oleate was achieved at atmospheric pressure and 270- 
280° over copper chromite, giving 80-90% yield of octadecanol [1074]. ol,P- 
Unsaturated lactones are reduced to saturated ethers or alcohols, depending 
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on the reaction conditions. The results are demonstrated by the hydrogena- 
tion of coumarin, the 5-lactone of o-hydroxy-cw-cinnamic acid [7075]. 

[2^?75] (257) 

H2/CuCr20^, Eton, 250°, 100-200 acm 




*,250° ,100-200 atm 

7 lA 



Methyl cyclohexane 

a,^-Unsaturated esters, especially those in which the double bond is also 
conjugated with an aromatic ring, are more comfortably converted to satu- 
rated alcohols on treatment with an excess of lithium aluminum hydride [7076], 
with potassium borohydride in the presence of lithium chloride [7077], or with 
sodium bis{2-methoxyethoxy)aluminum hydride [544\. 

Sodium borohydride, even in a very large excess, reduced methyl 2-none- 
noate and methyl cinnamate incompletely to mixtures of saturated esters, 
unsaturated alcohols and saturated alcohols [7067]. On the other hand, a,^- 
unsaturated esters of pyridine and pyrimidine series were converted predom- 
inantly and even exclusively to saturated alcohols. Methyl 3-(7-pyri- 
dyl)acrylate gave, on refluxing for 1-2 hours in methanol with 10 mol of 
sodium hydride per mol of the ester, 67% of 3-(y-pyridyl)propanol and 6% of 
3-(y-pyridyl)-2-propenol; methyl 3-(6-pyrimidyl)acrylate gave 77% of pure 
3-(6-pyrimidyl)propanol [7067]. 

Complete reduction of a,^-unsaturated esters to saturated alcohols was 
also accomplished by sodium in alcohol [1078], 
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Esters containing conjugated triple bonds may be reduced to acetylenic and 
ethylenic esters by controlled catalytic hydrogenation (p. 45) and to acetylenic 
or ethylenic alcohols by lithium aluminum hydride. Methyl phenylpropiolate 
treated with 0.5 mol of lithium aluminum hydride in ether at —78° for 5 
minutes afforded phenylpropargyl alcohol in 96% yield while addition of the 
same ester to 0.75 mol of lithium aluminum hydride in ether at 20° gave, after 
15 minutes, 83% yield of /ra«.y-cinnamyl alcohol [1079]. Treatment of 
dimethyl acety lenedicarboxylate with tripheny Iphosphine and deuterium oxide 
in tetrahydrofuran gave dimethyl dideuterofumarate in 70% yield [1080]. 



Reduction of Substitution Derivatives of Esters 

Reductions of halogen, nitro, diazo and azido derivatives of esters resemble 
closely those of the corresponding derivatives of carboxylic acids (p. 141). 

Catalytic hydrogenation of halogenated esters may yield halogen-free esters. 
While the reduction of ethyl 2-chloro-4-nitrobenzoate over 5% palladium on 
barium sulfate at room temperature and atmospheric pressure in ethyl acetate 
gave a quantitative yield of ethyl 2-chloro-4-aminobenzoate after 3 hours, 
after 5 hours in isopropyl alcohol 100% of ethyl 4-aminobenzoate was 
obtained [1081]. Tetraacetate of 6-iodo-6-deoxy-/3-glucopyranose, on treat- 
ment with hydrogen and Raney nickel in methanol containing triethylamine, 
gave 52% of tetraacetate of 6-deoxy-/S-glucose [1082]. 

Use oi lithium aluminum hydride in reducing halogenated esters to halogen- 
ated alcohols calls for certain precautions since halogens were hydrogeno- 
lyzed occasionally, and not even fluorine was immune [68, 92]. More reliable 
hydrides which reduce the ester group without endangering the halogen are 
alane prepared in situ from lithium aluminum hydride and aluminum chloride 
[993] or sulfuric acid [994] and calcium borohydride obtained by adding 
anhydrous calcium chloride to a mixture of sodium borohydride and tetra- 
hydrofuran at 0° [92]. The former reagent reduced ethyl 3-bromopropanoate 
to 3-bromopropanol in better yields than lithium aluminum hydride even 
when inverse technique was used (72-90% as opposed to 4-52%) [993]. Cal- 
cium borohydride converted ethyl 2-fluoro-3-hydroxypropanoate to 2- 
fluoro- 1,3-propanediol in 70% yield while lithium borohydride gave only a 
45% yield and lithium aluminum hydride hydrogenolyzed fluorine [92]. 

Reduction of nitro esters to amino esters is easy, since most of the reagents 
used for the reduction of a nitro group to an amino group do not attack the 
ester group. Ethyl 2-chloro-4-nitrobenzoate was quantitatively hydrogenated 
to either ethyl 2-chloro-4-aminobenzoate or 4-aminobenzoate over palladium 
[1081]. 

Iron and acetic or dilute hydrochloric acid can be safely used for the 
reduction of nitro group to an amino group in nitro esters. The problem 
arises when a nitro ester is to be reduced to a nitro alcohol. Nitro groups are 
not inert toward the best reagents for the reduction of esters to alcohols, 
complex hydrides. However the rate of reduction of a nitro group by lithium 




160 



The Reduction of Specific Types of Organic Compounds 



aluminum hydride is considerably lower than that of the ester group. Conse- 
quently, when a reduction is carried out at low enough temperatures ( — 30 to 
—60°) both aliphatic and aromatic nitro esters can be reduced to nitro 
alcohols [1083\ On treatment with a 0.5 mol quantity of lithium aluminum 
hydride in ether at —35° methyl 4-nitropentanoate gave 61% of 4-nitropen- 
tanol. Even better yields of nitro alcohols were obtained on treatment of nitro 
esters with alane or borane. Alane (2 mol) in tetrahydrofuran converted methyl 
4-nitropentanoate to 4-nitropentanol at —10° in 80% yield [994\, and ethyl 
p-nitrobenzoate to p-nitrobenzyl alcohol in 68% yield [994\. An even better 
reagent for this purpose proved to be borane, which was prepared from 
sodium borohydride and aluminum chloride in diglyme and which reduced 
ethyl p-nitrobenzoate to p-nitrobenzyl alcohol at 50-75° in 77% yield [738], 
Diazo esters were reduced to ester hydrazones, ester hydrazines, or amino 
esters. Reduction of ethyl diazoacetate with aqueous potassium sulfite at 20- 
30° gave a derivative of ethyl glyoxylate hydrazone which was hydrolyzed to 
ethyl glyoxylate [1084]. Sodium amalgam reduced the same diazo ester to ethyl 
hydrazinoacetate in 90% yield [7055]. Catalytic hydrogenation over platinum 
oxide at room temperature converted ethyl a-diazoacetoacetate in ethanolic 
sulfuric acid to 2-amino-3-hydroxybutanoic acid (yield 39%) by reducing 
simultaneously the diazo group to an amino group and the keto group to 
hydroxyl [907]. 
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Azido esters (triazo esters) are reduced to amino esters very easily. /er /-Butyl 
azidoacetate hydrogenated over 5% palladium on carbon in methanol at room 
temperature and at atmospheric pressure afforded 75-85% yield of glycine 
/er/-butyl ester [1086]. Unsaturated azido esters were reduced to unsaturated 
amino esters by aluminum amalgam in ether at room temperature in 7 1 -86% 
yields [149]. Ethyl a-azidocrotonate gave 75.6% yield of ethyl a-aminocroton- 
ate, and ethyl a-azidocinnamate gave ethyl a-aminocinnamate in 70.9% yield 
[149]. 



Reduction of Hydroxy Esters, Amino Esters, Keto Esters, Oximino Esters and 
Ester Acids 

Hydroxy esters are reduced at the ester group by energetic catalytic hydrogen- 
ation over nickel or copper chromite at high temperatures and high pressures 
[420, 1087]. As a consequence secondary reactions ensue, such as the hydro- 
genolysis of hydroxyl groups and even carbon-carbon bond cleavage. Espe- 
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dally easy is the replacement by hydrogen of benzylic hydroxyl. Ethyl man- 
delate, for example, on hydrogenation over copper chromite at 250° and 100- 
170 atm gave 70% yield of 2-phenylethanol and 13% of ethylbenzene [1087\. 
But even nonactivated hydroxyls in aliphatic hydroxy esters are frequently 
hydrogenolyzed during the catalytic hydrogenation over nickel or copper 
chromite [420], 

More reliable therefore is reduction with lithium aluminum hydride, lithium 
borohydride or calcium borohydride, which do not hydrogenolyze hydroxy 
groups [92], 

Reduction of amino esters to amino alcohols was accomplished by hydro- 
genation over Raney nickel at 50° and 1 50-200 atm with yields up to 98% 
[44], 

In keto esters reduction can affect the keto group and convert it to an 
alcoholic group or to a methylene group, or else it can hydrogenolyze the 
ester group^ either to an acid or to an alcohol. The latter reduction may be 
accompanied by the reduction of the keto group at the same time. 

Catalytic hydrogenation transforms keto esters to hydroxy esters under 
very gentle conditions. In cyclic ketones products of different configuration 
may result. Ethyl 3,3-dimethylcyclohexanone-2-carboxylate on hydrogena- 
tion over platinum oxide in acetic acid gave 96.3% yield of cis, and over 
Raney nickel in methanol gave 97% yield of trans ethyl 3,3-dimethyl- 
cyclohexanol-2-carboxylate, both at room temperature and atmospheric 
pressure [847], 

Different stereoisomeric cyclohexanols resulted also from reduction of 
ethyl 4-/^r/-butyl-2-methylcyclohexanone-2-carboxylate with sodium boro- 
hydride (equatorial hydroxyl) or with aluminum isopropoxide (axial hydroxyl) 
[1088], 

12088 ] (160) 




Metal amalgams may be used for reduction of the keto groups in keto 
esters provided the medium does not cause hydrolysis of the ester. Because of 
that aluminum amalgam in ether is preferable to sodium amalgam in aqueous 
solutions. Diethyl oxalacetate was reduced to diethyl malate by sodium 
amalgam in 50% yield and with aluminum amalgam in 80% yield [148], 
Stereospecific reduction of a- and ^-keto esters to optically pure hydroxy 
esters was achieved by biochemical reduction in moderate to good yields. 
Saccharomyces cerevisiae converted methyl 2-keto-2-phenylacetate to methyl 
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(— )-(R)-2-hydroxy-2-phenylacetate (mandelate) in 59% yield, ethyl 2-keto- 
2-(a-thienyl)acetate to ethyl (— )-(R)-2-hydroxy-2-(a“thienyl)acetate in 49% 
yield, and ethyl benzoylacetate to ethyl (— )(S)-3-hydroxy-3-phenylpropa- 
noate in 70% yield. Ethyl acetoacetate gave also optically pure ethyl (-h)“ 
(S)-3-hydroxybutanoate (yield 80%) whereas the optical yield of ethyl (+)- 
lactate from ethyl pyruvate was only 92% [1089\ 

Reductions of keto esters to esters are not very frequent. Both Clemmensen 
and Wolff-Kizhner reductions can hardly be used. The best way is desulfuri- 
zation of thioketals with Raney nickel (p. 130). Thus ethyl acetoacetate was 
reduced to ethyl butyrate in 70% yield, methyl benzoylformate (phenylglyoxy- 
late) to methyl phenylacetate in 79% yield, and other keto esters gave equally 
high yields (74-77%) [52i]. 

Another reagent capable of accomplishing the reduction of keto esters to 
esters is sodium cy motor ohydride, which converted isopropylidene acylmal- 
onates to isopropylidene alkylmalonates in 50-85% yields [1090]. 
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In an interesting reaction, ^-santonin was reduced with lithium in liquid 
ammonia so that the lactone was hydrogenolyzed to an acid and one of the 
double bonds conjugated with the carbonyl was reduced. The other double 
bond as well as the keto group did not undergo reduction [1091]. 

[W92] (162) 




The reason why the carbonyl group in ^-santonin remained intact may be 
that, after the reduction of the less hindered double bond, the ketone was 
enolized by lithium amide and was thus protected from further reduction. 
Indeed, treatment of ethyl l-methyl-2-cyclopentanone-l-carboxylate with 
lithium diisopropylamide in tetrahydrofuran at — 78"" enolized the ketone and 
prevented its reduction with lithium aluminum hydride and with diisobutyl- 
alane (DIBAL®). Reduction by these two reagents in tetrahydrofuran at 
— 78'' to —40" or —78° to —20°, respectively, afforded keto alcohols from 
several keto esters in 46-95% yields. Ketones whose enols are unstable failed 
to give keto alcohols [1092]. 

Another way of avoiding reduction of the keto group in a keto ester is 
protection by acetalization. Ketals are evidently not reduced by lithium 
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aluminum hydride in ether at 0°. Consequently, the diethyl ketal of ethyl p- 
acetylbenzoate (prepared in 81% yield) was reduced with lithium aluminum 
hydride to diethylketal of p-acetylbenzyl alcohol (yield 93%). Hydrolysis with 
methanolic hydrochloric acid at 80° recovered the keto group with 95% yield 
(overall 71.5% based on the starting keto ester) [1093], 

Reduction of oximino esters, i.e. oximes of keto esters, is very useful for the 
preparation of amino esters. Reductions are very selective since the oximes are 
easily reduced by catalytic hydrogenation over 10% palladium on carbon in 
ethanol (yield 78-82%) [1094\, by aluminum amalgam in ether (yields 52-87%) 
[150, 1095], or by zinc dust in acetic acid (yield ll-l%y^. None of these 
reagents attacks the ester group. The last mentioned reaction gives an N- 
acetyl derivative [1096\. 
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In ethyl 3-keto-2-oximino-3-phenylpropanoate catalytic hydrogenation 
over palladium on carbon reduced both the keto and oximino group, giving 
a 74% yield of ethyl ester of ^-phenylserine (ethyl 2-amino-3-hydroxy-3- 
phenylpropionate). The reduction is stereospecific and only the erythro dia- 
stereomer was obtained, probably via a cyclic intermediate [1097]. Similarly, 
hydrogenation over Raney nickel at 25-30° and 1-3 atm converted ethyl a- 
oximimoacetoacetate quantitatively to ethyl 2-amino-3-hydroxybutanoate 
[451 

In dicarboxylic acids with one free and one esterified carboxyl group the 
free carboxyl only may be reduced with hydrides (alanes, boranes). The 
monoethyl ester or adipic acid was converted by an equimolar amount of 
borane in tetrahydrofuran at —18° to 25° to ethyl 6-hydroxyhexanoate in 
88% yield [971] {Procedure 19, p. 209). 

Reduction with sodium in alcohols, on the other hand, reduces only the 
ester group and not the free carboxyl. 



Reduction of Ortho Esters, Thio Esters and Dithio Esters 

Ortho esters were reduced to acetals. Refluxing with 0.25 mol of lithium alu- 
minum hydride in ether-benzene solution for 4 hours transformed 3-methyl- 
mercaptopropanoic acid trimethyl orthoester to 3-methylmercaptopropion- 
aldehyde dimethylacetal in 97% yield [1098]. 

Thiol esters can be reduced to sulfides or aldehydes. Alane generated from 
lithium aluminum hydride and boron trifluoride etherate [1099] or aluminum 
chloride [1100] in ether reduced the carbonyl group to methylene and gave 
37-93% yields of sulfides. Phenyl thiolbenzoate failed to give the sulfide, and 
phenyl thiolacetate gave only an 8% yield of ethyl phenyl sulfide [1100]. 
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Desulfurization by refluxing with Raney nickel in 70% ethanol for 6 hours 
converted thiol esters to aldehydes in 57-73% yields (exceptionally 22% yield) 
[1101] {Procedure 6, p. 205). Desulfurization of a dithioester, methyl dithio- 
phenylacetate, by refluxing with Raney nickel in 80% ethanol for 1 hour 
afforded 65% yield of ethylbenzene [1102]. 



REDUCTION OF AMIDES, LACTAMS AND IMIDES 

Reduction of amides may yield aldehydes, alcohols or amines. Which of these 
three classes is formed depends on the structure of the amide, on the reducing 
agent, and to a certain extent on reaction conditions. 

From a simplified scheme of reduction of the amide function it can be seen 
that the first stage is formation of an intermediate with oxygen and nitrogen 
atoms linked to an sp^ carbon. Such compounds tend to regenerate the 
original sp^ system by elimination of ammonia or an amine. Thus an aldehyde 
is formed and may be isolated, or reduced to an alcohol. Alternatively the 
product is an amine resulting from direct hydrogenolysis of the sp^ inter- 
mediate. 
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Reduction of amides to aldehydes was accomplished mainly by complex 
hydrides. Not every amide is suitable for reduction to aldehyde. Good yields 
were obtained only with some tertiary amides and lithium aluminum hydride, 
lithium triethoxyaluminohydride or sodium bis{2-methoxyethoxy)aluminum hy- 
dride. The nature of the substituents on nitrogen plays a key role. Amides 
derived from aromatic amines such as iV-methylaniline [1103] and especially 
pyrrole, indole and carbazole were found most suitable for the preparation of 
aldehydes. By adding 0.25 mol of lithium aluminum hydride in ether to 1 mol 
of the amide in ethereal solution cooled to — 10° to — 15°, 37-60% yields of 
benzaldehyde were obtained from the benzoyl derivatives of the above het- 
erocycles [1104] and 68% yield from A^-methylbenzanilide [1103]. Similarly 
4,4,4-trifluorobutanol was prepared in 83% yield by reduction of A^-(4,4,4- 
trifluorobutanoyl)carbazole in ether at — 10° [1105]. 

Even better results than those reached by reduction of the aromatic hetero- 
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cyclic amides were reported from reductions of 7V-acylethyleneimines with 
0.25~0.5mol of lithium aluminum hydride in ether at 0®: butanal, hexanal, 
2,2-dimethylpropanal, 2-ethylhexanal and cyclopropanecarboxaldehyde 
were prepared in 67-88% yields [1106\. 

Better reagents than lithium aluminum hydride alone are its alkoxy deri- 
vatives, especially di- and triethoxyaluminohydrides prepared in situ from 
lithium aluminum hydride and ethanol in ethereal solutions. The best of all, 
lithium triethoxyaluminohydride, gave higher yields than its trimethoxy and 
ins(tert-h\xio\y) analogs. When an equimolar quantity of this reagent was 
added to an ethereal solution of a tertiary amide derived from dimethylamine, 
diethylamine, ^-methylaniline, piperidine, pyrrolidine, aziridine or pyrrole, 
and the mixture was allowed to react at 0° for 1-1.5 hours aldehydes were 
isolated in 46-92% yields [95, HOT]. The reaction proved unsuccessful for the 
preparation of crotonaldehyde and cinnamaldehyde from the corresponding 
dimethyl amides [95]. 
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./V-Acylsaccharins prepared by treatment of the sodium salt of saccharin 
with acyl chlorides were reduced by 0.5 molar amounts of sodium bis{2- 
methoxyethoxy)aluminum hydride in benzene at 0-5® to give 63-80% yields of 
aliphatic, aromatic and unsaturated aldehydes [1108], Fair yields (45-58%) 
of some aliphatic aldehydes were obtained by electrolytic reduction of tertiary 
and even secondary amides in undivided cells fitted with platinum electrodes 
and filled with solutions of lithium chloride in methylamine. However, many 
secondary and especially primary amides gave 51-97% yields of alcohols 
under the same conditions [130]. 

Some tertiary amides were reduced in low yields by sodium in liquid am- 
monia and ethanol. Better results were reached when acetic acid (ammonium 




166 



The Reduction of Specific Types of Organic Compounds 

acetate) was used as a proton source: benzaldehyde was isolated in yields up 
to 80% from the reduction of ^-benzoylpiperidine [1109], 

Of the methods used for converting amides to aldehydes the one utilizing 
lithium triethoxyaluminohydride is most universal, can be applied to many 
types of amides and gives highest yields. In this way it parallels other methods 
for the preparation of aldehydes from acids or their derivatives (p. 148). 

While the reduction of amides to aldehydes competes successfully with 
other synthetic routes leading to aldehydes, reduction of amides to alcohols is 
only exceptionally used for preparative purposes. One such example is the 
conversion of trifluoroacetamide to trifluoroethanol in 76.5% yield by cata- 
lytic hydrogenation over platinum oxide at 90° and 105atm [7770]. 

Tertiary amides derived from pyrrole, indole and carbazole were hydro- 
genolyzed to alcohols and amines by refluxing in ether with a 75% excess 
(0.88 mol) of lithium aluminum hydride. Benzoyl derivatives of the above 
heterocycles afforded 80-92,5% yields of benzyl alcohol and 86-90% yields of 
the amines [7704]. 

Good to excellent yields (62-90%) of alcohols were reported in reductions 
of dimethyl and diethyl amides of benzoic acid and aliphatic acids by lithium 
triethylborohydride (2.2 mol per mol of the amide) in tetrahydrofuran at room 
temperature [700, 7777]. 
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Usually alcohols accompany aldehydes in reductions with lithium alu- 
minum hydride [7704] or sodium bis(2-methoxyethoxy)aluminum hydride 
[544], or in hydrogenolytic cleavage of trifluoroacetylated amines [7772]. Thus 
^er/-butyl ester of ^-(.^-trifluoroacetylprolyl)leucine was cleaved on treat- 
ment with sodium borohydride in ethanol to tert-buiy\ ester of .^-prolylleucine 
(92% yield) and trifluoroethanol [7772]. During catalytic hydrogenations over 
copper chromite, alcohols sometimes accompany amines that are the main 
products [7775]. 

The predominant application of reduction of amides lies in their conversion 
to amines, realized most often by hydrides and complex hydrides. Primary, 
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secondary and tertiary amines can be prepared from the corresponding 
amides in high yields. But a few other reductive methods are available for the 
same purpose. 

Catalytic hydrogenation of amides does not take place with noble metal 
catalysts under gentle conditions but is accomplished over copper chromite 
at 210-250° and 100-300atm using dioxane as a solvent [1113, 1114]. Because 
of the high temperatures needed for the reduction the yields of the major 
products are diminished by side reactions such as formation of secondary 
amines from primary amines produced from unsubstituted amides, and hy- 
drogenolysis of secondary and tertiary amines. Alcohols are also formed to a 
small extent, and aromatic hydrocarbons were isolated where the benzylic 
amines were the primary reduction products [7775]. Salicylamide gave o- 
cresol as the sole product, lauramide afforded 48% yield of dodecylamine and 
49% of didodecylamine, and lauranilide gave, in addition to 37% of N- 
dodecylaniline, 29% of aniline, 14% of dodecylamine, 5% of diphenylamine 
and 2% of didodecylamine [7775]. Complications inherent in the high-tem- 
perature catalytic hydrogenation do not occur during reduction of amides to 
amines by lithium aluminum hydride and other hydrides and complex hydrides. 
Reduction of a tertiary amide requires 0.5 mol of lithium aluminum hydride 
while secondary and primary amides require 0.75 and 1 mol of the hydride 
per mole of the amide, respectively. In practice a 25-30% excess over the 
stoichiometric amount was used for the disubstituted, and 200-250% excess 
for the monosubstituted amides. Refluxing for more than 1 hour was found 
necessary, sometimes for up to 34 hours [1104], Yields of amines are around 
90% or even higher [1104, 1115, 1116]. Amides insoluble in ether were placed 
in a Soxhlet apparatus and extracted and flushed into the reaction flask 
containing the hydride [120]. 

Isolation of amines is best accomplished by adding a calculated amount of 
water (2n milliliters of water for n grams of lithium aluminum hydride 
followed by n milliliters of 1 5% sodium hydroxide and 5n milliliters of water). 
Other methods of decomposition can result in obstinate emulsions [1104]. 

High yields of amines have also been obtained by reduction of amides with 
an excess of magnesium aluminum hydride (yield 100%) [577], with lithium 
trimethoxyaluminohydride at 25° (yield 83%) [94] with sodium bis{2~methoxy- 
ethoxy)aluminum hydride at 80° (yield 84.5%) [544], with alane in tetra- 
hydrofuran at 0-25° (isolated yields 46-93%) [994, 1117], with sodium boro- 
hydride and triethoxyoxonium fluoroborates at room temperature (yields 81- 
94%) [7727], with sodium borohydride in the presence of acetic or 
trifluoroacetic acid on refluxing (yields 20-92.5%) [7775], with borane in 
tetrahydrofuran on refluxing (isolated yields 79-84%) [7779], with borane- 
dimethyl sulfide complex (5 mol) in tetrahydrofuran on refluxing (isolated 
yields 37-89%) [1064], and by electrolysis in dilute sulfuric acid at 5° using a 
lead cathode (yields 63-76%) [7720]. 

In the reductions with borohydrides and boranes the isolation of products 
differs from that used in the reductions with lithium aluminum hydride, the 
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solvent usually being removed by evaporation prior to the final work-up 
[1064, 1118, 1119, 1121]. 

Sodium and sodium amalgam may be used for reduction of amides but the 
yields of amines are generally very low. Primary aromatic amides (benz- 
amides) were reduced at the carbonyl function with 3.3 equivalents of sodium 
in liquid ammonia and ethanol while in tert~hvXy\ alcohol reduction took 
place in the aromatic ring giving 1 ,4-dihydrobenzamides [984]. 

Reduction of lactams to amines resembles closely the reduction of amides 
except that catalytic hydrogenation is much easier and was accomplished even 
imder mild conditions. a-Norlupinone (l-azabicyclo[4.4.0]-2-oxodecane) was 
converted quantitatively to norlupinane (l-azabicyclo[4.4.0]decane) over 
platinum oxide in 1.25% aqueous hydrochloric acid at room temperature and 
atmospheric pressure after 16 hours [1122]. Reduction of the same compound 
by electrolysis in 50% sulfuric acid over lead cathode gave 70% yield [1122]. 

Reduction of 5,5-dimethyl-2-pyrrolidone with 3 mol of lithium aluminum 
hydride by refluxing for 8 hours in tetrahydrofuran gave 2,2-dimethylpyrrol- 
idine in 67-79% yields [1123]. Reduction of e-caprolactam was accomplished 
by heating with sodium bis(2‘methoxyethoxy)aluminum hydride [544], by suc- 
cessive treatment with triethyloxonium fluoroborate and sodium borohydride 
[1121], and by refluxing with borane-AimQihyX sulfide complex [1064]. 
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a- and )S-lactams may suffer ring cleavage and give amino alcohols on 
treatment with hydrides and complex hydrides. 

Imides are reduced to lactams or amines. Succinimide was reduced electro- 
lytically to pyrrolidone [1124] but was hydrogenolyzed by sodium borohydride 
in water to y-hydroxybutyramide [1125]. 

AT-Methylsuccinimide was converted to A^-methylpyrrolidone in 92% yield 
on heating for 18 minutes at 100° with 3 equivalents of sodium bis(2-methoxy- 
ethoxy)aluminum hydride [544], and A^-phenylsuccinimide was transformed 
into AT-phenylpyrrolidone in 67% yield by electroreduction on a lead cathode 
in dilute sulfuric acid [1120]. 
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Borane generated from sodium borohydride and boron trifluoride etherate 
in diglyme reduced iV-arylsubstituted succinimides to iV-arylpyrrolidones in 
42-72% yields [1126\, 

Glutarimides disubstituted in a or ^ positions were hydrogenolyzed by 
sodium borohydride in aqueous methanol mainly to disubstituted y-hydroxy- 
valeramides [1125], but ^-methylglutarimide was reduced electrolytically in 
sulfuric acid to a mixture of iV-methylpiperidone (15-68%) and A^-methylpi- 
peridine (7-62%) [1127], and by lithium aluminum hydride in ether to N- 
methylpiperidine in 85% yield [1128\ 

Phthalimide was hydrogenated catalytically at 60-80° over palladium on 
barium sulfate in acetic acid containing an equimolar quantity of sulfuric or 
perchloric acid to phthalimidine [7729]. The same compound was produced 
in 76-80% yield by hydrogenation over nickel at 200° and 200-250 atm [43] 
and in 75% yield over copper chromite at 250° and 190 atm [7750]. Reduction 
with lithium aluminum hydride, on the other hand, reduced both carbonyls 
and gave isoindoline (yield 5%) [7750], also obtained by electroreduction on 
a lead cathode in sulfuric acid (yield 72%) [7750]. 




[45] H^/Ni.C^H^^Me, 200“, 200-250 atm 
[1150] H2/CuCr20^,dioxane,250“,190 atm 
[1150] electro, Pb cathode, 4. 5 amp, 47“ 
[1150] LiAlH^.Et^O 



Reduction of Amides and Lactams Containing Double Bonds and Reducible 
Functional Groups 

Because of great differences in rates of hydrogenation, amides and lactams 
containing double bonds are hydrogenated easily to saturated amides or 
lactams. a-Acetamidocinnamic acid, on hydrogenation over platinum oxide 
in acetic acid at room temperature and 3 atm, gave 85-86% yield of a-acetam- 
idohydrocinnamic acid [7757], and 7V-methyl-2-pyridone (l^methyl-2-oxo- 
1,2-dihydropyridine) under similar conditions gave 87.5% yield of 7V-methyl- 
piperidone [435]. 
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Reduction of a,/i-unsaturated lactams, 5,6-dihydro-2-pyridones, with lith- 
ium aluminum hydride, lithium alkoxyaluminum hydrides and alane gave the 
corresponding piperidines. 5-Methyl-5,6-dihydro-2-pyridone (with no sub- 
stituent on nitrogen) gave on reduction with lithium aluminum hydride in 
tetrahydrofuran only 9% yield of 2-methylpiperidine, but l,6-dimethyl-5,6- 
dihydro-2-pyridone and 6-methyl- 1 -phenyl-5, 6-dihydro-2-pyridone afforded 
1,2-dimethylpiperidine and 2-methyl- 1-phenylpiperidine in respective yields 
of 47% and 65% with an excess of lithium aluminum hydride, and 91% and 
92% with alane generated from lithium aluminum hydride and aluminum 
chloride in ether. Lithium mono-, di- and triethoxyaluminum hydrides also gave 
satisfactory yields (45-84%) [1132], 

Reductions of alkyl pyridones with lithium aluminum hydride or alane are 
very complex and their results depend on the position of the substituents and 
on the reducing reagent. Since the pyridones can be viewed as doubly un- 
saturated lactams with a,/3- and y,^-conjugated double bonds, the products 
result from all possible additions of hydride ion: 1 ,2, 1 ,4 or 1 ,6. Consequently 
the products of reduction are alkylpiperidines and alkylpiperideines with 
double bonds in 3,4 or 4,5 positions [449, 1133], 
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Amides containing nitro groups are reduced to diamino compounds with 
alane, JV,A^-Dimethyl-p-nitrobenzamide, on reduction with lithium aluminum 
hydride in the presence of sulfuric acid in tetrahydrofuran, gave 98% yield of 
dimethyl-p-aminobenzylamine [11 17\. 

Amides of keto acids were reduced to amides of hydroxy acids biochemically 
using Saccharomyces cerevisiae to give optically pure products [1089], Reflux- 
ing with lithium aluminum hydride in ether for 6 hours reduced both the 
ketonic and the amidic carbonyl in AT-methyl-5-phenyl-5-oxopentanamide 
and gave 82% yield of 5-methylamino-l-phenylpentanol [1134], 

The amidic group in methyl A^-acetyl-p-aminobenzoate was reduced prefer- 
entially to an ester group with borane in tetrahydrofuran (1.5- 1,8 mol per mol 
of the amide), giving 66% yield of methyl p-iV-ethylaminobenzoate. Similarly 
l-benzyl-3-methoxycarbonyl-5-pyrrolidone afforded methyl l-benzyl-3-pyr- 
rolidinecarboxylate in 54% yield and l,2-diethyl-5-ethoxycarbonyl-3-pyra- 
zolidone gave ethyl l,2-diethylpyrazolidine-3-carboxylate in 60% yield. 
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However, methyl hippurate (A^-benzoylaminoacetate) under comparable 
conditions gave only 11% of methyl 2-benzylaminoacetate and 85% of 2- 
benzylaminoethanol [1135]. 



REDUCTIVE AMINATION WITH CARBOXYLIC ACIDS 

When a compound containing a primary or secondary amino group (or which 
can generate such on reduction) is reduced in the presence of acids such as 
formic acid, acetic acid, trifluoroacetic acid, propionic acid, butyric acid, etc., 
the product is a secondary or tertiary amine containing one alkyl group with 
the same number of carbons as the acid used. When indole was heated with 
4 mol of sodium borohydride in acetic acid at 50-60° the product was N- 
ethylindoline resulting from alkylation at the nitrogen atom. The same com- 
pound was obtained on treatment of indoline with sodium borohydride in 
acetic acid (yields 86-88%) [457], Similar treatment of quinoline with 7mol of 
sodium borohydride and acetic acid gave 65% yield of l-ethyl-l,2,3,4-tetra- 
hydroquinoline, and heating at 50-60° of isoquinoline with 7 mol of sodium 
borohydride and formic acid afforded 78% yield of 2-methyl- 1, 2,3,4- tetrahy- 
droisoquinoline [470], 

The reaction has broad applications and a large number of secondary and 
especially tertiary amines was prepared in isolated yields ranging from 60% 
to 84% [7756]. Although the mechanism of this reaction is not clear it is likely 
that the key step is reduction of the acid by borane, generated in situ from 
sodium borohydride and the acid, to an aldehyde which reacts with the amine 
as described in the section on reductive amination (p. 134-136). 
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REDUCTION OF AMIDINES, THIO AMIDES, IMIDOYL CHLORIDES 
AND HYDRAZIDES 

Several derivatives of carboxylic acids yield aldehydes on reduction and are 
frequently prepared just for this purpose. 

Benzamidine, 7V-ethylbenzamidine and 7V-phenylbenzamidine afforded 
benzaldehyde on reduction with sodium in liquid ammonia with or without 
ethanol in yields of 54-100% [7709]. 

Thioamides were converted to aldehydes by cautious desulfurization with 
Raney nickel [1137, 1138] or by treatment with iron and acetic acid [772]. 
More intensive desulfurization with Raney nickel [7759], electroreduction 
[772], and reduction with lithium aluminum hydride [1138], with sodium boro- 
hydride [1140] or with sodium cyanoborohydride [1140] gave amines in good to 
excellent yields. 

Imidoyl chlorides substituted at nitrogen (usually with an aryl group) are 
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prepared from anilides and phosphorus pentachloride, and are reduced to 
aldehydes via aldimines (Schiff bases) [255]. Such intermediates were inter- 
cepted in the reduction with lithium tris(/er/-butoxy)aluminum hydride. N- 
Cyclohexylimidoyl chlorides of propanoic, octanoic and benzoic acids were 
converted to imines on treatment with 120-300% excess of lithium tris(tert- 
butoxy)aluminum hydride in tetrahydrofuran at —78° to 25° (yields 60-85%) 
[1141]. Reduction of imidoyl chlorides to aldehydes was accomplished by 
magnesium [1142] but with better yields by stannous chloride {Sonn- Muller 
reaction) [182, 1143] and by chromous chloride [1144]. The latter reagent 
proved especially useful in the preparation of a,/3-unsaturated aldehydes. 
Cinnamaldehyde was obtained from the imidoyl chloride of cinnamic acid in 
80% yield [1144]. 

The hydrazide of 2,2-diphenyl-3-hydroxypropanoic acid was reduced with 
lithium aluminum hydride in iV-ethylmorpholine at 100° to 3-amino-2,2-di- 
phenylpropanol in 72.5% yield [1145]. Much more useful is reduction of N- 
arenesulfonylhydrazides of acids to aldehydes {McFadyen-Stevens reduction) 
[284, 285] based on an alkali-catalyzed thermal decomposition according to 
Scheme 174. 
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The original method called for addition of an excess of solid sodium 
carbonate to a solution of a benzenesulfonylhydrazide in ethylene glycol. The 
optimum temperature of decomposition was found to be around 160° and 
the optimum time around 1 minute. Yields of aromatic aldehydes ranged 
from 42% to 87%. The method failed with p-nitrobenzaldehyde, cinnamal- 
dehyde and aliphatic aldehydes [284]. Later studies revealed that essential 
features of the reaction are the presence of a solid material in the reaction 
mixture and a short time of heating. A modification based on the addition of 
ground glass to the mixture gave higher yields of some aldehydes. Even p- 
nitrobenzaldehyde was obtained, albeit in only a 15% yield [1146]. The re- 
action is generally unsuitable for the synthesis of aliphatic aldehydes. Only a 
few exceptions were recorded such as preparation of cyclopropane carboxal- 
dehyde (yield 16%) [1147], pivalaldehyde (2,2-dimethylpropanal) (yield of 
40% after heating for only 30 seconds) [1148] and apocamphane-l-carboxal- 
dehyde (yield 60%) [1148]. 

Reduction of p-toluenesulfonyUiydrazides by complex hydrides yields hydro- 
carbons. The A^-tosyl hydrazide of stearic acid gave a 50-60% yield of octa- 
decane on reduction with lithium aluminum hydride [577]. 
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REDUCTION OF NITRILES 

Nitriles of carboxylic acids are an important source of primary amines which 
are produced by many reducing agents. However, a few reagents effect partial 
reduction to aldehydes [285]. 

Aromatic nitriles were converted to aldehydes in 50-95% yields on treatment 
with 1.3-L7mol of sodium triethoxyaluminum hydride in tetrahydrofuran at 
20-65° for 0.5-3. 5 hours [1149], More universal reducing agents are lithium 
trialkoxyaluminum hydrides, which are applicable also to aliphatic nitriles. 
They are generated in situ from lithium aluminum hydride and an excess of 
ethyl acetate or butanol, respectively, are used in equimolar quantities in 
ethereal solutions at — 10° to 12°, and produce aldehydes in isolated yields 
ranging from 55% to 84% [1150], Reduction of nitriles was also accomplished 
with diisobutylalane but in a very low yield [7757]. 

The complex hydride reductions of nitriles to aldehydes compare favorably 
with the classical Stephen reduction which consists of treatment of a nitrile 
with anhydrous stannous chloride and gaseous hydrogen chloride in ether or 
diethylene glycol and applies to both aliphatic and aromatic nitriles [183, 285, 
1152], An advantage of the Stephen method is its applicability to polyfunc- 
tional compounds containing reducible groups such as carbonyl that is re- 
duced by hydrides but not by stannous chloride [7755]. 

An alternative method for the conversion of aromatic nitriles to aldehydes 
is their heating with Raney nickel and sodium hypophosphite in water-acetic 
acid-pyridine (1:1:2) at 40-45° for 1-1.5 hours (yields 40-90%) [1154], or 
heating with Raney nickel and formic acid at 75-80° for 30 minutes (yields 
35-83%) [7755], or even their refluxing for 30 minutes with Raney nickel alloy 
in 75% aqueous formic acid (yields 44-100%) [1156], 

Catalytic hydrogenation converts nitriles to amines in good to excellent 
yields. Since the primary product - primary amines - may react with the 
starting nitriles, secondary and even tertiary amines are formed. Their 
amounts depend on the reaction conditions. Elevated temperatures favor 
formation of secondary and tertiary amines by condensation accompanied 
by elimination of ammonia. Such side reactions can be suppressed by carrying 
out the hydrogenations in the presence of ammonia, which affects the equili- 
brium of the condensation reaction (p. 135). Another way of preventing the 
formation of secondary and tertiary amines is to carry out the hydrogenation 
in acylating solvents such as acetic acid or acetic anhydride. 

Excellent yields of primary amines were obtained by hydrogenation of 
nitriles over 5% rhodium on alumina in the presence of ammonia. The 
reaction was carried out at room temperature and at a pressure of 2-3 atm 
and was finished in 2 hours, giving 63-92,5% yields of primary amines. Under 
such conditions no hydrogeno lysis of benzyl residues was noticed [7757]. 
Hydrogenation over Raney nickel at room temperature and atmospheric 
[7755] or slightly elevated pressures [45] also gave high yields of primary 
amines, especially in the presence of ammonia [7755], Comparable results 
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were achieved using nickel boride catalyst [1159\. In addition, high yields of 
primary amines were obtained in hydrogenations over Raney nickel at tem- 
peratures of 90-130"^ and pressures of 30-270 atm, especially in the presence 
of ammonia [7760, 7767, 7762]. Under such conditions Raney nickel gave 
even better yields of primary amines than rhodium or platinum on charcoal 
[7762]. Hydrogenation over nickel on infusorial earth at 1 15-150'' and 100- 
175 atm afforded high proportions of secondary amines [43]. 

A reducing agent of choice for conversion of nitriles to primary amines 
without producing secondary or tertiary amines is lithium aluminum hydride. 
It is used in an equimolar ratio in ether at up to refluxing temperature and 
gives yields of 40-90% [727, 576, 787] {Procedure 15, p. 207). Modified lithium 
aluminum hydrides such as lithium trimethoxyaluminum hydride also gave 
high yields of primary amines [94]. 

Even better yields are obtained with alane produced in situ from lithium 
aluminum hydride and 0.5mol of 100% sulfuric acid in tetrahydrofuran [994], 
or Imol of aluminum chloride in ether [787] {Procedure 17, p, 208). One or 
1 .3 mol of the alane is used per mole of the nitrile and the reduction is carried 
out at room temperature. Comparative experiments showed somewhat higher 
yields of amines than those obtained by lithium aluminum hydride alone 
[787\. 



[ 576 ] 



Y 



PhCN 



[ 977 ] 



\ 



a 2„ 

reflux 



[ 994 ] 1.3 LiAlH^.H^SO^.THF 
20 ^ 



96% 



0.7 NaBH, ,BF^-Et-0 
4 3 2 

diglyme 



72 % 

PHCH2NH2 

83 % 



( 175 ) 



Isolation of the products is accomplished by decomposition with sodium 
potassium tartrate [576], by water and dilute sodium hydroxide [727], or by 
successive treatment with 6 n sulfuric acid followed by alkalization with 
potassium hydroxide [787]. 

In contrast to lithium aluminum hydride, borohydrides are not suitable for 
the reduction of nitriles. Lithium triethylborohydride gave erratic results 
[100], sodium trimethoxyborohydride reacted slowly even at higher tempera- 
ture, and sodium borohydride reduced nitriles to amines only exceptionally. 
However, in the presence of 0.33 mol of aluminum chloride in diglyme borane 
is produced which gives very good yields of primary amines when used in a 
25% excess at temperatures not exceeding 50°. Capronitrile gave a 65% yield 
of hexylamine and p-tolunitrile an 85% yield of p-methylbenzylamine [738]. 
Equally good results were obtained with borane made in diglyme from sodium 
borohydride and boron trifluoride etherate [977]. 

A long time before the hydrides were known, nitriles were reduced to 
primary amines in good yields by adding sodium into solutions of nitriles in 
boiling alcohols. Seven gram-atoms of sodium and at least 3 mol of butyl 
alcohol were used per mole of nitrile, giving 86% yield of pentylamine and 
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78% yield of hexylamine from the corresponding nitriles [1163\. I he amount 
of sodium can be cut down to 4 gram-atoms if toluene or xylene is used as a 
diluent [135\ 

Reduction of Nitriles Containing Double Bonds and Other Reducible 
Functions 

A nitrile group undergoes reductions very readily. It is therefore important to 
choose selective reagents for the reduction of nitriles containing reducible 
functions. 

A ^,y-unsaturated nitrile was converted to the corresponding unsaturated 
amine by catalytic hydrogenation. Hydrogenation over Raney cobalt at 60° 
and 95 atm gave 90% yield of 2-(l-cyclohexenyl)ethylamine from 1-cyclohex- 
enylacetonitrile. The reduction of the nitrile group preceded even the satura- 
tion of the double bond [1164\. Reduction with lithium aluminum hydride in 
ether gave a 74% yield of the same product [1164\. Catalytic hydrogenation 
over other catalysts usually reduced the carbon-carbon double bond prefer- 
entially. Thus ethyl 2-ethoxycarbonylmethylcyclopentylidenecyanoacetate 
was reduced in 95% yields to ethyl 2-ethoxycarbonylmethylcyclopentyl- 
cyanoacetate over platinum oxide {cis isomer) and over palladium on alumina 
{trans isomer) [7765]. 

Since sodium borohydride usually does not reduce the nitrile function it 
may be used for selective reductions of conjugated double bonds in a,^-un- 
saturated nitriles in fair to good yields [1069, 1070]. In addition some special 
reagents were found effective for reducing carbon-carbon double bonds 
preferentially: copper hydride prepared from cuprous bromide and sodium 
bis{2-methoxyethoxy)aluminum hydride [1166], magnesium in methanol [1167], 
zinc and zinc chloride in ethanol or isopropyl alcohol [1168], and triethylam- 
monium formate in dimethyl formamide [317]. Lithium aluminum hydride 
reduced 1-cyanocyclohexene at —15° to cyclohexanecarboxaldehyde and 
under normal conditions to aminomethylcyclohexane, both in 60% yields 
[117]. 

In nitriles containing a nitro group the latter is reduced preferentially by iron 
and by stannous chloride. 2-Chloro-6-nitrobenzonitrile was reduced to 2- 
chloro-6-aminobenzonitrile with iron in methanol and hydrochloric acid in 
89% yield [1169], and o-nitrobenzonitrile to o-aminobenzonitrile with stan- 
nous chloride and hydrochloric acid in 80% yield [779]. 

Nitriles of keto acids are reduced with lithium aluminum hydride at both 
functions. Benzoyl cyanide afforded 2-amino- 1-phenylethanol in 86% yield 
[1170]. Selective reduction of the nitrile group in 87% yield without the 
reduction of the carbonyl was achieved by stannous chloride [1153]. Oximes 
of keto nitriles are reduced preferentially at the oximino group by catalytic 
hydrogenation in acetic anhydride over 5% platinum on carbon (yield 85%) 
[7777] or by aluminum amalgam (yield 78-82%) [1172]. 




176 



The Reduction of Specific Types of Organic Compounds 



REDUCTION OF ORGANOMETALLIC COMPOUNDS 

Reduction of organometallic compounds is usually very easy. Hydrogenolysis 
of carbon-halogen bonds in organolithium compounds takes place even 
without a catalyst, just by treatment of alkyllithium compounds with hydro- 
gen at room temperature and 0.2-7 atm. The ease of the formation of a 
hydrocarbon increases in the series R 2 Ca < RLi < RNa < RK < RRb < RCs 
[5]. Organometallic compounds of magnesium, zinc and lead require catalysts 
(nickel or copper chromite) and higher temperatures (160-200°) and pressures 
(125 atm) [11731 

Complex hydrides were used for reductions of organometallic compounds 
with good results. Trimethyllead chloride was reduced with lithium aluminum 
hydride in dimethyl ether at —78° to trimethylplumbane in 95% yield [1174\, 
and 2-methoxycyclohexylmercury chloride with sodium borohydride in 0.5 n 
sodium hydroxide to methyl cyclohexyl ether in 86% yield [1175]. 

Reduction with sodium dithionite has been used for conversion of aryl 
arsonic and aryl stibonic acids to arsenobenzenes [260] and stibinobenzenes in 
good yields [261]. 




CORRELATION TABLES 



The correlation tables on the following pages show how the main types of 
compounds are reduced to various products by different reducing agents. The 
tables list only the reactions contained in this book (with exceptional cases 
omitted). If a reagent for a certain conversion is not listed, that does not 
necessarily mean that it cannot accomplish a particular reduction. Reagents 
listed in parentheses apply only under special conditions or are used excep- 
tionally. 
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Correlation Tables 



Table 5 Reduction of alkanes, alkenes, alkadienes and alkynes 



Starting compound 


Product 


Reducing agent 


Page 


\l/ 

0 

1 

o 

/l\ 


^CH+HC^ 


Hj/Pt, H^/Ni 
RaSiH/CFaCO^H 


39 

39 


/ 

o 

II 

o 

/\ 


/CH-CHC 


H^/Pt, Pd, Rh 
Hj/Ru, Ni, Raney Ni 
B 2 He/EtC 02 H 
RaSiH/CFaCO^H 
Electroreduction 
Na, Li 


6, 39-41 
6 , 39-41 
41 
41 
41 

41 

42 


/C=c-c=cC, 


X 1 1 

/CH-C = C-CHC; 


H 2 /Pt, Ni 2 B,PlNi 
Na, Li, K/NH 3 
N 2 H 2 


42 

42, 43 
42 




X I 1 

^chchchchC 


H,/Pt 


42 


1 

0 

III 

n 

1 


)c=c:^ 


H 2 /Pd deact. 

H 2 /Raney Ni, H 2 /Ni 2 B 

EtaN-HCOjH/Pd 

BH3,A1H(wo-Bu)2 

BH(CHMeCHMe2)2 

MgH, 

Electroreduction (Ni) 


6 , 43, 44 

43,44 

44 

44 

44 

44 

45 




C=C^ 

H/ ^ 

-CHj-CHj- 


LiAlH^ 

LiAlHMe(wo-Bu )2 
Electroreduction 
Na, Li, K/NH,^ 
H2/Pt02, Pd, Ni 


44 

44 

45 
45 

6, 43, 46 
43 



" Mixtures of both stereoisomers are obtained from macrocyclic alkynes. 





Table 6 Reduction of aromatic hydrocarbons 



Starting compound 









Product Reducing agent Page 




Electroreduction 


48 


Na, Li, K, Ca/NHa, ROH 


48 


H2/Pt02, Pt, RhOj, Rh 


46-48 


H 2 /Ni, Raney Ni 


47 


N 2 H,(N 2 H 2 ) 


48, 49 


H 2 /Pt,Pd, Ni; QH,/Pd 


49 


Electroreduction 


49 


LiAlH^ 


49 


Na/NHa," AlHg* 


49 


Ha/PtOa, Rh02-Pt02, Rh 


49 


Raney Ni 




Na/MeNHa'" 


49 


Ha/Raney Ni 


49, 50 


Electroreduction 


49,50 


Na/MeOH 


49,50 


Zn 


49 


CrSO* 


50 


Ha/Pd, ReaS, 


49, 50 


Electroreduction 


49,50 


Na/EtOH 


49, 50 


N 2 H 2 


50 


Na/NHa, ROH 


50,51 


H 2 /CuCr 204 


50 


Na/NHa, ROH, Li, K 


50,51 


Ha/PtOa, Pt, Ni 


50 



UAIH 4 


51 


Na/EtOH, Li 


51 


Ha/catalysts 


51 


H 2 /CuCr 204 


52, 53 


Na/ROH 


52, 53 


Ha/Raney Ni 


52, 53 



“ Partial reduction of the ring may occur. 

* Not general. 

^ Ethyl cyclohexene is also formed. 

More detailed partial reduction in Schemes 25, 26 and 27 (see pp. 51 and 52 respectively). 





Table 7 Reduction of heterocyclic aromatics 



Starting compound 



n 

o 

y 








Reducing agent Page 



Hj/Pd, Raney Ni, Ni 


53 


H2/Re2S7, Rc2Se7 


53 


H 2 /CoS„ 


53 


Zn^ 


54 


PHJ^ 


54 


H 2 /Pt, Raney Ni, Ni 


53,54 


H 2 /CuCr 204 


53,54 


Zn^ 


54 


Complex hydrides* 


55, 56 


Electroreduction 


55, 56 


Na/ROH 


55 


(HCO 2 H) 


56 


H2/Pt02, Pd, Rh, RuOz 


54, 55 


H 2 /Raney Ni, CuCr 204 


54, 55 


Complex hydrides* 


56 


Na/ROH, (HCO 2 H) 


55, 56 


H 2 /Pt 02 , H2/CuCr204 


56, 57 


NaBH4,NaBH3CN 


56, 57 


BH 3 NR 3 


56, 57 


Na, Li/NH 3 , Zn 


56, 57 


H 2 /Raney Ni 


57 



Na/NH 3 


58 


H 2 /Pt, Raney Ni 


58 


H 2 /Ni, CuCr 204 


58 


BH 3 NR 3 , NaBH 3 CN 


58 


H 2 /Pt 02 , CF 3 CO 2 H 


58 


H 2 /Pd, Rh, CF 3 CO 2 H 


58 


H 2 /Pt, AcOH 


58 


LiAlH 4 


58 


NaBH 3 CN 


58 


H 2 /Pt 02 , AcOH 


58 


Na/NH 3 , EtOH 


58 


H2/Pt02, CF 3 CO 2 H 


58 


H 2 /Pt 02 , AcOH, H 2 SO 4 


58 



^ In pyrrole derivatives. 

* More detailed reduction of pyridine and its derivatives is given in Schemes 31 and 32 (pp. 55, 
56). 






Correlation Tables 
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Table 8 Reduction of halogen compounds 



Starting compound 
(X = F, Cl, Br, I) 


Product 


Reducing agent 


Page 






“H^/Pt, Pd, Raney Ni/KOH 


63 


1 


1 


LiAlH^, NaBH^, NaAlH4, RjSnH 


63 


RC-X 


R-C-H 


LiAlH(OR)3, LiBHEtj, 


63 


! 


1 


Mg,*Zn,* CrSO** 


64 


1 

RC— X 


1 

R-C-H 


UAIH4, NaAlH2(0CH2CH20Me)2 


64 


1 


1 


BujSnH, Electroreduction, Na/ROH 


64 


X 


X 

j 


AlHg, CrS04, NaaAsOa, Na^SOa 


64 




R-C-H 


Hi/Pt, Pd, Raney Ni, LiAlH4 


64 




t 

H 


NaAlH2(0CH2CH20Me>2, BuaSnH 


64 




Electroreduction, Na(ROH), CrS04 


64 


1 1 

-CX-CX- 


1 

-c 

II 

— c 
1 


Mg,Zn 


65 




RjSnH 


65 




i 1 

-CH-CH- 


H2/Raney Ni, Li/tert-BuOH 


65 


X 1 1 

/C = C-C-X‘^ 

1 


\ ' ' 

/CH-CH-C- 

1 


-XH2/Pt, Pd, Rh 


66 




X 1 1 

/C=C-C-H 


LiAlH4, Li/rerr-BuOH, CrS04 


66 




X 1 1 

/CH— CH-C- 
1 


-H H2/Raney Ni, KOH 


66 


\/ 

u 

II 

u 

/ \ 


\/ 

u 

II 

u 

/ \ 


L1A1H4, NaBH4, Li, Na/^^r/-BuOH 


66, 67 


X 


H 


Zn^ 







^CH-CC" 

X 


Hj/Pt, Pd, Rh 


66 




X 

H 


H2/Raney Ni/KOH 


66 


1 

Ar-C-X 

1 


1 

Ar-C-H 

1 


Hj/Pd, KOH, Hj/Raney Ni, KOH 
EtjN HCOjH/Pd, LiAlH4, BH, 


67 

67 


Ar-X 


Ar-H 


Hj/Pd, KOH, Hj/Raney Ni, KOH 
LiAlH*, NaAlH2(OCH2CH,OMe), 
NaAlH,, NaBH*'' EtjSiH 
PhjSnH, Na/NHj, Mg, Zn 


67 

67,68 
67, 68 

68 



‘^Hydrogenolysis of fluorine and chlorine possible only under exceptionally energetic condi- 
tions; practically unfeasible. 

^OnlyforX = Br,I. 

^Similar reagents may be applied to acetylenic compounds. 

^X= iodine only. 
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Correlation Tables 



Table 9 Redaction of nUro compounds 



Starting compound 


Product 


Reducing agent 


Page 


^CH-NOj , 


^C=NOH 


SnQj, TiClj, C1CI2, NajSjOj 


69.70 




/CHNHj 


H2/Pt02, AlHg, Fe 


69,70 


-CH=CHN 02 


-CH2CH2NO2 


H,/Pd, Hi/(Ph3P)3RhCl, 
LiAlH«, NaBH*, EtjN.HCOjH 


70,71 

70,71 






Hj/Pd 


71 




-CH2CH-NOH 


LiAlH^ 


71 






Fe 


71 




-CH2CH2NHOH LiAlH^ 


71 




-CH2CH2NH2 


Hj/Pd 

Fe 


71 

71 


ArNOj 


ArNHOH 


H2/Pd, Electroreduction, AlHg 
Zn/NH^Cl 


72 

72 




ArN( 0 ) = NAr 


H2/Pd, NaAlH2(0CH2CH20Me)2 
NajAsOa, Sugars 


72 

72 




ArN:=NAr 


LiAlH^, Mg(AlH^)2 


72 






NaAlH2(0CH2CH20Me)2 


72 






Si/NaOH, Zn/NaOH 


72 




ArNHNHAr 


H2/Pd,Zn/KOH 


72 




ArNH2 


H2/Pt02, Rh02-Pt02,Pd 


73 






Hj/Raney Ni, CuCrjO^, Rc2S7 


73 






HCO2H/CU, N2H4/Ni 


73 






Zn, Fe, SnClj, TiClj 


73 






FeSO^, (H2S, Na2S20 J 


73 




Hydroaromatic 

amines 


H2/Pt02, HC02H/Ni 


74 


Hal— ArNO. 


Hal-ArNH2 


N2H4/Raney Ni, Fe, Na2S204 


75 


ix<ii /\l l^v-/2 


ArNH2 


N2H4/Pd, Zn, SnCl2, NH4SH 


74 
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Table 10 Reduction of nitroso, diazonium and azido compounds 



Starting compound 


Product 


Reducing agent 


Page 


ArNO 


ArNHOH 


PhjP, (EtO)3P 


75 




ArN = NAr 


UAIH4 


75 




ArNHi 


NH4SH, NajSjO^^ 


75 


® 0 

ArNjX 


ArNHNH^ 


Zn, SnClj, Na2S03 


76 




ArH 


NaBH^ 


75 






Na2Sn02 


75 






H 3 P 03 ,(H 3 N) 3 P 


75 






EtOH 


75, 76 


RN3 


RNH2 


H3/Pt,H3/Pd 


76 






UAIH4, AlHg 


76 






TiCl 3 , VCI2 


76 






Na2S20^ 


76 


1 1 


1 I 


HBr, HS(CH2)3SH 


76 


-C=C-N3 
1 1 


-C = C-NH2 


AlHg, HS(CH2)3SH 


76 


© 0 




NaBH^ 
Na2Sn02, 
H3PO2, EtOH 


75 

75 

75 






H2S, HBr 
HS(CH2)3SH 


76 

76 




H2N-.^g^NHa 


H2/Catalysts 




1 1 
-C C- 




UAIH4 


76 


1 1 




NaBH* 


76 




)c CC 


BH3 

UAIHCI3 


76 

76 


Hal N3 


H 









Table 11 Rednctioii of alcohols and phenols 



Starting compound 


Product 


Reducing agent 


Page 


ROH 


RH 


H2/V2O5, MoSj, WS2 


77 






UAIH4/AICI3 


77 






RjSiH/CFjCOjH" 


77 


1 1 


1 1 


+ RN = C = NR, Hj/Pd 


77 


RC-C-R 
1 1 


RCH-CHR 


HJCuCt 20 ^ 


77 


HO OH 


OH 
1 1 






1 1 


1 1 

RC=CR 


TiCla/K, (R0>3P 


77 


X=C-C-OH 

1 


1 1 

^CH-CH-C-OH 
, , 1 


Hj/caulysts, Na/NHj*, Li/EtNHj* 


77, 78 




>C=C-C-H 


LiAlH^/AlClj, Na/NHj, PhjPIj, PI 13 PHI, 


77, 78 




1 


C3H5NSO3 + UAIH4 


78 


1 

-CsC-C-OH 


/C=C-C-OH 
^ 1 


Hj/Pd deact. 


78 


1 


UAIH4 
Zn, CrS04 


78 






1 

-CHj-CHj-C-OH 


H2/catalyst 


78 


ArOH 


Hydroaromatic 

>CHOH 


Hj/PtOj, RhOj-PtOj, Raney Ni 


80 




ArH 


+ RN==C = NR, H^/Pt; 
+BrCN + Et2NH, Hj/Pd 


78, 79 






UAIH4 distn, Zn distn 


79 






distn HI/AcOH'^ 


79 


1 


Dihydro + tetrahydro'^ 


H2/Pt02, Raney Ni, CuCr204 


80 


Ar-C-OH 

1 


cyclic alcohols 








1 

Ar-C-H 


H2/Pd, Raney Ni, Ni, CuCr204 


79 




1 


AIHCI2 


79 




1 1 


NaBH4, BH3, Zn, HI 


79 




1 1 

Ar-C-C-Ar 
1 1 


TiCl3/LiAlH4 


79 


1 1 1 

ArC = C-C-OH 


1 1 1 
ArCH-CH-C-OH 


Hj/PtOj, Rh02~Pt02,Pd0, 


80 


1 


1 


UAIH4 


80 




I 1 1 

ArC=C-C-H 

1 


Hj/PtOj/AcOH 


80 


>C-C-OH 
1 1 


1 

>CH-C-OH 

1 


H2/Raney Ni 


81 


Hal 


>c=cc: 


TiCl3/LiAlH4^ 


81 


^ 1 
>C-C— OH 
1 1 


. 1 

iC-C-OH 
1 1 


H2/Pt; Fe, Sn, NajS, Na2S204 


81 


NOj 


NHj 







"Only tertiary alcohols. 

^Tnily exceptional; only in non>allylic unsaturated alcohols. 
^Only with naphthols and phenanthrols. 

‘^Only with naphthols, tetrahydro derivatives. 
^Bromohydrins only. 
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Table 12 Reduction of ethers 



Starting compound 


Product 


Reducing agent 


Page 


O 


H OH 


H2/Raney Ni 


81 






Ha/CuCr 204 


81 






(LiAlH^/AlClj) 


81 


1 

>C=C-OR 


1 

>C=CH 


Na, Li, K/NHa 


82 


>C-C-C-OR 


>C=C-C-H 


Li/(CH2NH2)2 


82 


ArOR 


ArH 


Na/EtOH 


82 




Dihydro and tetrahydro" 


Li, Na/NH,, ROH 


82 




ethers 


Na/EtOH 


82 


1 


1 


Ha/Pd 


82 


Ar-C-OR 


Ar-C-H 


c-C«H,o/Pd 


82 


( 


1 


Na/NHj 


82 






Na/BuOH 


82 



In the naphthalene series. 
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Table 13 Reduction of epoxides, peroxides and ozonides 



Starting compound 


Product 


Reducing agent 


Page 


1 1 

~C C~ 


1 1 

-c=c- 


Zn, Zn/Cu 

TiClj/LiAlH^, 

CrClj, 

FeCls/BuLi, 

(EtO) 2 PONayTe 


83 

83,84 

83 

83, 84 
83 




1 1 

-CH— C-OH 
1 


Hj/Pt, LiAlH^, 
LiAlH^AlCla, 
BH 3 BF 3 , 
Li/(CH 3 NH 2)2 


83,84 
83, 84 

83 

84 


111 1 
-C=C~C C- 


1 1 1 1 
-CH-CH-C C- 


Hj/Catalysts 


84 




1 III 

-CH-C=C~C-OH 

1 


BH 3 THF 


84 


1 

-C-OOH 

1 


1 

-C-OH 

1 


Hz/PtOj, Pd, Raney Ni, 
Zn, Na 2 S 03 , 

R3P,(R0)3P 


84,85 

84,85 

85 


X 1 1 

/C=C-C-OOH 

1 


\ ' ' 
>C=C-C-OH 

1 


Hj/Pd.NajSOj.PhjP 


84,85 




1 1 1 
-CH— CH— C-OH 
1 


H,/Pd 


84,85 


1 1 

-c-o-o-c- 
1 1 


1 1 
-c-o-c- 
1 1 


EtjP, PhjP 


85 


X ' 1 1 

X=c-c-oo-c- 
1 1 


1 1 1 

>:h-ch-c-oo-c- 
1 1 


H,/Pd 


85 




1 1 

>C=C-C-OH 


H:/Pd 


85 




1 1 

>CH-CH-C-OH 


H./Pd 


85 


/O-o^ 

-CH ^ CH- 

^ O ^ 


— CHO+OHC- 


H./Pd 

Zn/AcOH 

MejS 


85 

85, 86 

86 
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Table 14 Reduction of sulfur compounds (except sulfur derivatives of aldehydes, ketones and 

acids) 



Starting compound 


Product 


Reducing agent 


Page 


RSH 


RH 


Raney Ni, Ni 2 B, Fe, (EtO) 3 p 


86 


RSR 


RH 


Raney Ni, Ni 2 B, LiAlH 4 /TiCl 3 


86 , 87 






Na/NH 3 « (EtOaP 


86 , 87 


RSSR 


RH 


Raney Ni, NijB 


86,87 




RSH 


LiAlH^, LiBHEtj, NaBH 4 


87 




RSR 


(Et,N),P 


87 


RSOR 


RH 


AlHg 


88 




RSR 


H 2 /Pd, SnCl 2 , TiClj, M 0 CI 3 


88 






VCI 2 , CrCU, NaI/(CF 3 C 0)20 


88 


RSOjR' 


RH 


Raney Ni, 


88 




RSR' 


UAIH 4 , A 1 H(wo-Bu) 2 , Zn/AcOH 


88 , 89 




RSO 2 H 


UAIH 4 , Na/NHj, NaHg, AlHg 


89 


RSCN 


RSH 


LiAlH 4 


87 


RSCl 


RSH 


UAIH 4 


89 


RSOjH 


RSSR 


UAIH 4 , NaH2P02*, Et 0 PH 2 ( 0 )^ 


89 


RSOCl 


RSSR 


LiAlH 4 


89 


RSO 2 CI 


RSH 


UAIH 4 , HI(P + l 2 ) 


90 




RSOjH 


LiAlH 4 /- 20 °, Zn, NajS, Na 2 S 03 


90 


RSO 2 OR' 


RH 


H 2 /Raney Ni, C^oHe • Na 


90,91 




RSH 


LiAlH 4 


90,91 




RSO 2 H 


H 2 /Raney Ni,CioH 8 *Na 


90,91 




R'H 


H 2 /Raney Ni, UAIH 4 , LiBHEtj 
NaBH 4 


90,91 




R'OH 


H 2 /Raney Ni, LiAlH 4 , 


90,91 






CioHs-Na, NaHg, Nal/Zn 


90,91 


RSO 2 NHR' 


RH 


CioHg • Na, Na/ROH, Zn, SnCl 2 


91,92 




RSH 


HI/PH 4 I 


91,92 




RSO 2 H 


CioHa Na, Na/ROH 


91,92 




RNH 2 


CioHs • Na, Na/ROH, NaHg, Zn, SnC^, HI/PH 4 I 


91,92 



" Benzyl sulfides are not desulfurized but reduced to mercaptans. 
^ From alkali salts. 
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Table 15 Reduction of amines and their derivatives 



Starting compound 


Product 


Reducing agent 


Page 


RNH2 


RH 


Hj/Ni", H2NOSO3H 


92 


RCH = CHCH2NH2 


RCH2CH2CH2NH2 


Hj/catalysts, Na/NHj, MeOH 92 


RCH=CHNR'2 


RCH2CH2NH2 


AIHCI2, NaBH^, NaBHaCN, 


92 






HCO2H 


92 




RCH = CH2 + NHR'2 


AIH3 


92 


ArNHj, ArNHR, 


Dihydro and tetrahydro 


Na/NHj, ROH, Na/ROH 


93 


ArNRR' 


aromatic amines 








Hexahydro amines 


H 2 /Pt 02 , H2/Ni, Li/EtNH2 


92, 93 


ArCHjNRj 


ArCH3 


H2/PdO, H2/Pd 


93 


Q 0 








ArCHjNRjX 


ArCHa 


NaHg 


93 


Q 0 

ArNRjX 


ArH 


Electroreduction 


93 


0 


/^NR 2 


H2/Raney Ni, NaAlH4 


93 


(CH^lnNRjX 


(CH2)n 






^ ' 








R2NNO 


R2NH 


UAIH4 


94 




R2NNH2 


UAIH4, Zn/AcOH 


94 


R2NNO2 


R2NNH2 


Electroreduction 


94 


R3NO 


R3N 


H2/Pd^ BH3, Fe/AcOH, 


94 






TiCl3, CrCl2 


95 


R2NOR' 


R2NH 


Zn/AcOH 


95 


RNHNH2 


RNH2 


H 2/Raney Ni 


95 


RNHNHR 


RNH2 


H2/Pd, Na2S204 


95 






(EtO)2P(S)SH 


96 


RN = NR 


RNHNHR 


H2/Pd, N2H2,NaHg, AlHg, 


95, 96 






Zn/NHj, H2S 


95 




RNH2 


Hj/Pd, Na 2 S 204 , 
(EtO)2P(S)SH 


96 



^ Very exceptional. 

* Nitroamine oxide reduced selectively to nitro amine. 
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Table 16 Reduction of aldehydes 



Starting compound 


Product 


Reducing agent 


Page 


RCHO 


RCH^OH 


H2/Pt02, H2/Raney Ni, 


96, 97 






LiAlH^, LiAlH(OR)3, 


96, 97 






Na2AlHj(OCHjCHjOMe)„LiBH4, 


96, 97 






NaBH^, BU4NBH3CN, BuaSnH, 


96, 97 






NaH/FeCl3, Fe/AcOH, Na2S204, 


96, 97 






wo-PrOH/Al( 0 -iyo-Pr )3 


96, 97 




RCH3 


ZnHg/HCh N2H4/KOH 


97 






1. T0SNHNH2, 2. NaBH^ 


106 




RCH=CHR 


TiCl3/Mg 


97 


RCH = CHCHO 


RCH2CH2CHO 


H2/Pd, H2/Ni, H2 /HCo(CO)4, 


97, 98 






Et3NHC02H/Pd 


98 




RCH=CHCH20H 


H2/Pt02, H2/OS, UAIH4, 


98 






Mg(AlH4)2, UBH4, NaBH4, 


98 






NaBH(OMe)3, 


98 






9-BBN, Ph2SnH2, 


98 






wo-PrOH/Al(0- tso-Pr) 3 


98 




RCH2CH2CH2OH 


H2/Ni, Electroreduction 


98 


ArCHO 


ArCHjOH 


Hj/Pt, Hj/Pd, Hj/Ni, Hj/Raney Ni, 99, 100 






H2/CuCr204, HCO2H/CU, 


99, 100 






Ni-Al/NaOH, UAIH4, AIH3, 


99, 100 






UBH4, 


99, 100 






NaBH4, NaBH(OMe)3, BU4NBH4, 


99, 100 






BU4NBH3CN 


99, 100 






Bu3SnH, Ph2SnH2, Na2S204, iso- 
PrOH/Al(0*iso-Pr)3, CH2O 


99, 100 




A1CH3 


Hj/Pd, H2/CuCr204, AIH3, 


101 






Et3SiH/BF3, Electroreduction, 


100, 101 






Li/NH3, ZnHg/HCl, N2H4/KOH 


101 




ArCH-CHAr 


TiCl3/Li 


101 




Hydroaromatic methyl 
derivative 


H2/Pt, AcOH 


101 


ArCH = CHCHO 


ArCHjCHjCHO 


Hj/Pd, Hj/Ni, H2/(Ph3P)3RhCl 


101, 102 




AtCH = CHCH20H 


H2/OS, LiAlH4, AIH3, 


102 






NaBH4, NaBH(OMe)3, NaBH3CN, 


102 






9-BBN, BU4NBH4, BH3 THF, 


102 






Ph2SnH2, wo-PrOH/Al(0-tso-Pr)3 


102 




AtCH2CH2CH20H 


H 2/Raney Ni, Electroreduction, 


101, 102 






UAIH4 


102 




ArCHjCHjCHa 


ZnHg/HCl 


103 




ArCH2CH=CH2 


1. TosNHNHj, 2. BHj 


102, 103 
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Table 17 Reduction of derivatives of aldehydes 



Starting compound 


Product 


Reducing agent 


Page 


<Q>-cho 


<g)-CH,OH 


AIH3, 

wo-PrOH, Al(0-wO“Pr)3 


103 






<Q)^cho 


SnCl2, TiCl3, FeS04 


103 






H 2 N ■Ny;:z^ 

<ghCH20H 


H2/catalysts 


103 




CHO H0-<(O)^ CHO 


Hj/Pd 


103 


RCH(0R')2 




RCHjOR' 


AIH3 


103 


RCH( 0 C 0 R ')2 




RCH2OCOR' 


Fe/AcOH 


105 


/O 

RCHC 




RCH2OCH2CH2SH 


Ca/NHj 


104, 105 


/S — 

rchC 






RCH2SCH2CH2SH 

RCH3 


Ca/NHj 

Raney Ni, BujSnH, Na/NHj" 


104, 105 
104, 105 


RCH = NR' 




RCH2NHR' 


Hj/Pt, Ni, UAIH4, NaAlH4, 
L1BH4, NaBH4, NaHg, K/C 


105 

105 


RCH = NOH 




RCH2NH2 


H2/Raney Ni, LiAlH4, 
Na/ROH 


106 


RCH = NNHS02Ar 


RCH3 


UAIH4, NaBH4, BH,/BzOH, 
NaBH,CN 


106 

106 



Only if R = Ar. 





Table 18 Reduction of ketones 



Starting compound 


Product 


Reducing agent 


Page 


RCOR' 


RCH(OH)R' 


Hj/PtOj, Hj/RhOj PtOj, Hj/Ru, 


107, 108 






Hj/Ni, H^/Raney Ni, H^CuCr,t)«, 


107, 108 






Ni-Al/NaOH, LiAlH*, Mg(AlH«)„ 


107, 108 






LiAlH(OCMej)3, AlHClj, BH3, 


107, 108 






UBH4, LiBHEta, NaBH^, 


107, 108 






NaBH(OMe)3, Bu^NBH^, 


107 






BU4NBH3CN, RaSnHj, Na/EtOH, 


107, 108 






Na2S204, wo-PrOH/Al(0-wo-Pr)3, 


107, 108 






Biochemical reduction 


108 




RCH^R' 


EtaSiH/BFa, ZnHg/HCl, N2H4/ 


108 






KOH, 

1. T0SNHNH2, 2. NaBH4 or 
NaBHaCN 


108 




RC(OH)R' 

RC(OH)R' 


Na 

MgHg, AlHg 


109 

109, 118 




RCR' 


TiCl3/LiAlH4, TiCla/Li, TiCla/K, 


109, 118 




11 


TiCla/Mg, TiCla/Zn-Cu 


109, 118 




RCR' 






RCH = CHCOR' 


RCH2CH2COR' 


H2/Pt02, H2/Pt, H2/Pd, H2/Rh, H2/ 


119-121 


(R = aliphatic or 




(Ph3P)3RhCl, Ni-Al/NaOH, Ni-Zn, 


119, 121 


aromatic residue) 




A1H(0R)2, A1 H(NRj)j, Ph3SnH, 


120, 121 






CuH, NaHFe2(CO)g, 


120 






Electroreduction, Li/PrNHa, CgK, 


120, 121 






ZnHg/HCl, Biochemical reduction 


120 




RCH-CHCH(OH)R' 


UAIH4, LiAlH(OMe)3, AIH3, 


120, 121 






A1H(mo-Bu) 2, LiBHjBu, NaBH4, 


120, 121 






NaBHaCN, 9-BBN, 


120, 121 






wo-PrOH/Al(0-wo-Pr)3 


120, 121 




RCH2CH2CH(0H)R' 


Ha/Ni, H2/CuCr204, Ni-Al/NaOH, 


121 






LiAlH4/THF, LiAlH(OCMe3)3, 


121 






NaBH4 


121 




RCH = CHCH2R' 


I. TosNHNH 2,2. NaBHaCNor 


121 






BH3 • BF3 or catechol borane 


121 




RCH2CH2CH2R' 


ZnHg/HCl, N2H4, Ha/catalysts 


121 




RCHCH2COR' 


NaHg 


121, 122 




RCHCH2COR' 




RCsCCOR' 


RCH = CHCOR' 


Ha/Pd" 


122 




RCH2CH2COR' 


Ha/Pd" 


122 




RC = CCH(OH)R' 


NaBHaCN, BU4NBH3CN, Chiral 
boranes 


122 


ArCOR' 


ArCH(OH)R' 


Ha/PtOa, Ha/Pd, Ha/Ni, Ha/ 


109-111 






CuCra04, Ni-Al/NaOH, LiAlH4, 


109-111 






LiBH4, NaAlH2(OCH2CHaOMe)2, 


110,111 






LiBHEta, NaBH4, NaBH(OMe)a, 


110, 111 






BU4NBH4, BU4NBH3CN, PhaSnHa, 


110,111 






Na2Sa04, wo-PrOH/Al(0“/.yo-Pr)3, 


no. 111 






CHaO^, Biochemical reduction 


111, 112 




ArCH^R' 


Ha/PtOa, AcOH, Ha/Pd, Ha/Raney 


112, 113 






Ni, H2/CuCra04, Ha/MoSa; EtaSiH/ 


112, 113 






CF3CO2H, AIHCI2, NaBH4/ 


113 






CF3CO2H, Na/EtOH, Li/NHa, 


113 






ZnHg/HCl, N2H4/KOH, (HI + P) 


113 




ArR'C(OH)C(OH)ArR' Mg, AlHg, Zn, uo-PrOH/Av 


112 




ArR'C=CArR' 


TiCla/Li, K, Mg 


112 




Completely saturated 
hydrocarbon 


Hj/PtOj, Hj/RhOj/AcOH 


113 



° Non-conjugated systems. 

^ Only purely aromatic ketones. 
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Table 19 Reduction of substitution derivatives of ketones 



Starting compound 


Product 


Reducing agent 


Page 


RCOCHRX"'’ 


RCOCHjR'^ 


H 2 /Pd, Zn, ZnHg, CrC^. 


123 






Cel, VCI 2 , HBr, HI 


31,32, 

123 




RCH(OH)CHR'X 


LiAlH^, NaBH^, 


122 






iso-PrOH/Al( 0 -wo-Pr )3 


123 




RCH( 0 H)CH 2 R' 


«o-PrOH/Al( 0 -iso-Pr) 3 ‘' 


123 




RCH = CHR' 


N 2 H 4 /ACOK 


123 


RCOCHRXNOj)* 


RCOCHRXNH 2 ) 


Fe‘, SnClj' 


124 




RCH(0H)CHR'(N02) 


LiAlH^, NaBH^, Ca(BH 4 ) 2 , 


123 






«o-PrOH/Al( 0 -MU-P^) 3 , 


123 






Glucose^ 


36, 124 




RCHjCHRXNHi) 


H 2 /Pd? 


124 


RCOCR'Nj 


RCOCH 2 R' 


H 2 /PdO + CuOorHCl, HI, 


124 






EtOH*, H 3 PO 2 * 


124, 125 




RCOCHRNH 2 


H,/Pd 


124 




RCH(0H)CHR'NH2 


UAIH 4 


124 




RC0CR=NNH2 


H 2 /PdO 


124 


RCOCHRN 3 


RCH(0H)CHR'NH2 


UAIH 4 


125 



“X=C1, Br, L 

^ The substituent is not necessarily in a position a to the carbonyl group. 

^ Only with very reactive halogen. 

^ Not general. 

^ Only with NOj in an aromatic ring. 

^ Nitro group raiuced to azo group. 

^ Only with the keto group adjacent to and nitro group in the aromatic ring, 
* For diazonium group in aromatic ring. 
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Table 20 Reduction of hydroxy ketones, diketones and quinones 



Starting compound 


Product 


Reducing agent 


Page 


RCOCH(OH)R'« 


RCH(OH)CH(OH)R' 


Hj/CuCrjO^, 


125 






Biochemical reduction 


125 




RCOCH 2 R' 


Zn, ZnHg, Sn, HI 


125 




RCH 2 CH 2 R' 


ZnHg/HCl 


126 


RCOCOR'« 


RCOCH(OH)R' 


Hj/Ru*, Zn, TiClj, VClj, H,S, 


126, 127 






P(OEt> 3 , Ph 2 C(OH)C(OH)Ph 2 


126, 127 




RCOCH^R^ 


ZnHg/HCF, HI, HjS, 


126, 127 






N2H4/KOH 


127 




RCH 2 CH 2 R' 


ZnHg/HCl, « 2 N 2 H 4 /KOH 


127 




(CH,)„ 








/ \ 

RC = CR 


TiClj/ZnCu'' 


128 


RCOCHCHR' 


RCOCH = CHR' 


Zn/AcOH, CrClj 


126 


\ / 








O 


RCH = CHCH(OH)R' 


N 2 H, 


126 


RCOCH = CHCOR' 


RCOCH 2 CH 2 COR' 


Sn, CrClj 


128 




HO^(gy-OH 


Hi/Pt/ Hi/Pd, UAIH 4 , SnClj, 
TiClj, VCI 2 , CrClj, HjS, SO^ 


128, 129 
129 




0<X" 

^ H 


Sn 


129 




ho\/=yh 

h/W^oh 


LiAlH«, LiBHEtj, NaBH«, 9- 129 
BBN 129 




© 


Al, Zn/ZnClj, SnClj, HI 


129 



^ Both functions are not necessarily vicinal. 

* Only y-diketone. 

^ Clenunensen reduction gives rearranged ketones and hydrocarbon. 
^Only ifn^2. 

^ In mineral acid cyclohexanol was formed. 
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Table 21 Reduction of ketals, thioketals, ketimines and ketoximes 



Starting compound 


Product 




Page 


RR'C(OR")^ 


RR'CHOR' 


Hj/Pd, Hj/Rh, Hj/Ru, AIH 3 


130, 131 


RR'C(OR")(SR")" 


RCOR' 


Raney Ni 


130 




RR'CHOR' 


Ca/NHj 


130, 131 




RR'CHSR' 


AIH 3 


130, 131 


RRC(SR ')2 


RRCH 2 


Ni, Raney Ni, 


130, 131 






Bu 3 SnH, N 2 H 4 


131,132 


RR'C = NH 


RRCHNH 2 


H 2 /catalysts, NaBH^, 


132 






KBH 4 , NaAlH2(0CH2CH20Me)2 


132 


RR'C=NOH 


RR'CHNHj 


Hj/Pd, Pt, Rh, Hj/Raney Ni, 


132, 133 






N 2 H 4 /Raney Ni, LiAlH 4 , Na/ROH, 


132, 133 






SnOl2»Ti^i3 


132, 133 



^Included are cyclic ketals and thioketals with five- or six-membered rings: 



R. .O-CH2 R. .S-CH2 

I I 

R' O-CH 2 , R ^ 



S-CH 
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Table 22 Reduction of carboxylic acids 



Starting compound 


Product 


Reducing agent 


Page 


RCO 2 H 


RCHO 


AIH(NR 2)2 


137 




Li/MeNH 2 


137 






Electroreduction, 


137 






NaHg 


137 




RCH 2 OH 


H 2 /RU, Re207, Rc2S7 


137 






H 2 /CuCr 204 


137 






UAIH 4 


137 






NaAlH 2 ( 0 CH 2 CH 20 Me )2 


137 






BH 3 


137, 138 


RCH = CHC02H 


RCH 2 CH 2 CO 2 H 


H 2 /catalysts 


138 




NaHg 


138 






CrS04 


138 




RCH = CHCH 20 H 


LiAlH 4 


138 


RC^CCO^H 


RCH = CHC 02 H 


H 2 /N 1 (cis) 


138 




Na (trans) 


138 






CrS 04 {trans) 


138 




RCH = CHCH20H 


UAIH 4 (trans) 


138 


ArCOiH 


RC 02 H‘^ 


H 2 /Rh* 


140 


Li/NH 3 , EtOW 


140 






Na/NH 3 , EtOH^ NaHg^ 


140 




ArCHO 


A1H(NR2)2 


139 






NaHg + RNH 2 


139 




ArCH 20 H 


L 1 AIH 4 , NaAlH 4 


139 




NaAlH 2 ( 0 CH 2 CH 20 Me )2 


139 






BH 3 


139 






Electroreduction 


139 




ArCH 3 


H 2 /Ni, H 2 /CuCr 204 , SiHCl 3 /Pr 3 N 


139 






NaAlH 2 ( 0 CH 2 CH 20 Me)| 


139 


ArCH^CHCO^H 


ATCH 2 CU 2 CO 2 H 


H 2 /Pd, H 2 /Raney Ni, H2/CuCt20^ 


140 






H 2 /(Ph 3 P) 3 RhCl 


140 






NiAl/NaOH, NaHg, CrS 04 


141 




ATCH 2 CH 2 CH 2 OH 


UAIH 4 


141 


ArCsCC 02 H 


ArCH = CHC 02 H 


H 2 /Pt (cis), CrS 04 (trans) 


141 


ArCH 2 CH 2 C 02 H 


H 2 /Pt 


141 





— hydrogenated aromatic ring. 

*Total hydrogenation of the ring. 

^Partial or total hydrogenation of the ring. 

^Only in anthracene series. 

^Only with OH or NHj in ortho or para positions. 



Table 23 Reduction of substitution derivatives of carboxylic adds 



Starting compound 


Product 


Reducing agent 


Page 


RCHXCOjH" * 


RCHXCHjOH 


BH 3 , AIH 3 , LiAlH^ (inverse technique) 141 


X-ArCOjH* 


ArCOjH 


Hj/Raney Ni, NaOH 


141 




X-ArCH 20 H 


AIH 3 , BH 3 


141 




X-A 1 CH 3 


SiHCl 3 /Pr 3 N 


141 


RCX = CHC 02 H* 


RCH^CHCOjH 


H 2 /Pd(BaSO^)^ NaHg, Zn 


142 




RCH 2 CH 2 CO 2 H 


H 2 /Pd(C)^'^, Zn, Biochemical reduction 142 


OjN-ArCOjH 


HjN-ArCO^H 


NH^SH 


142 




O 2 N— ArCHjOH 


BH 3 


142 


e® 








XN^-ArCO^H 


ArCOjH 


NaBH^, EtOH/Av 


142 


RSS-ArCOjH 


HS— ArC02H 


Zn/AcOH 


143 




RCHCH 2 CO 2 H 

1 






RCHCHCO 2 H 


P 

OH -h 






\ / 


RCH 2 CHCO 2 H 


NaBH 4 


143 


0 


1 








OH 






RCOCOjH" 


RCOCH 2 OH 


BH 3 


143 




RCH( 0 H)C 02 H 


H 2 /Raney Ni, U^/Pd, NaBH^, 


143 






SiHEt 3 /CF 3 C 02 H, NaHg, Zn, 


143 






Biochemical reduction 


143 




RCH 2 CO 2 H 


SiHEt 3 /CF 3 C 02 H; ZnHg, N 2 H 4 , 


HI/P 143, 144 



‘^The substituent is not necessarily in the a-position. 
*X = C1, Br. 

^Not general. 

‘^Applies to X = F. 

^The keto group is not necessarily in the a-position. 



Table 24 Reduction of acyl chlorides and add anhydrides 



Starting compound Product 



RCOCl 




RCHO 

RCH2OH 

O 

CO^ 
^CHzOH 

^CH20H 




Reducing agent 


Page 


H2/Pd(BaS04) + S, Et 3 SiH/Pd, 


144, 145 


LiAlH(OCMe3)3, 


145 


OiH, 1. (EtO),?, 2. NaBH, 


145 


LiAlH4, NaAlH4, 


145, 146 


NaAlHj(OCHjCHjOMe) 2 , AIH 3 , 


146 


NaBH 4 , NaBH(OMe> 3 , BU 4 NBH 4 , 


146 


ter/-BuMgCl 


146 


H 2 /CuCr 204 , H2/(Ph3)3RhCl, 


146 


LiAlH4/-55°, NaBH4, LiBH4, 


147 


LiBHEt 3 , LiBH(CHMeEt) 3 , 


147 


NaHg, Zn 


147 


UAIH 4 , NaAlH2(0CH2CH20Me)2 


147 






Table 25 Reductioii of esters of carboxylic adds 



Starting compound Product Reducing agent 



Page 



RCOjR' RCHO (UAIH 4 ), KAIH 4 , 148,149 



NaAlH4,NaAlH2(CHMeEt)2, 148, 149 

AlH(CHMeEt> 2 , 148,149 

NaAlH2(0CH2CH20Mc)2, 148, 149 

LiAlH(OMe )3 148 

A1H(N^ 'NMe>2 148, 149 

RCH 2 OR BH 3 , SiHCl 3 149, 150 

RCO 2 H + R'H H2/Pd", 2n^, CrC^ 1 50, 1 51 

RCH 2 OH + ROH' H 2 /Raney Ni, H2/CuCr204, 1 53, 1 54 

H2/ZnCr204, H2/Re207, 1 53, 1 54 

UAIH 4 , NaAlH 4 , 153, 154 

LiAlH(OMe> 3 , 154 

LiAlH(OCMe3)3, 154 

NaAlH 2 ( 0 CH 2 CH 20 Me) 2 , AIH 3 , 154-156 

Mg(AlH 4 > 2 , UBH 4 , NaBH 4 , 154-156 

RCO Ca(BH 4 > 2 , NaBH(OMe) 3 , LiBHEt 3 , 155, 1 56 

I BH 3 , MgHBr, Na, ROH 152 

RCHOH 




LiAlH 4 , NaBH 4 , AlH(uo-Bu) 2 , NaHg 149 



1 . A1H(wo-Bu>2, 150 

2. Et 3 SiH/BF 3 -Et20, 150 

SiHCl3/(rerr-BuO)2 



UAIH 4 



154 



" Benzyl-type only. 



Table 26 Reduction of unsaturated esters 



Starting compound Product Reducing agent Page 



RCH=CHC02R"» RCHjCHjCOjR' 


Hj, Pd, Raney Ni, H,/ 


156, 157 




CuCr 204 , H 2 /(Ph 3 P) 3 RhCl 


156,157 




(NaBH4>, Bu3SnH, CrS 04 


157 


RCH = CHCH20H 


Hj/ZnCrO., LiAlH«, 


157 




NaAlH 2 ( 0 CH 2 CH 20 Me )2 


157 


RCH 2 CH 2 CH 20 H 


H 2 /Raney Ni, H2/CuCr204, 


157, 158 




UAIH 4 , 


158 




NaAlH 2 ( 0 CH 2 CH 20 Me> 2 , 


158 




NaBH 4 ,*, KBH 4 /UCI, Na 


158 


RC = CCO 2 R' RCH = CHCO 2 R' 


Hj/Pd (deact.), HjO/PhjP 


159 


RCH 2 CH 2 C 02 R' 


Hj/PtOj 


159 


RCHSCHCH 20 H 


UAIH 4 


159 


RCH-CHCH 20 H 


L 1 AIH 4 (excess) 


159 


"R = alkyl or aryl. 






*Only if R = pyridyl or pyrimidyl. 
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Table 27 Reduction of derivatives of esters 



Starting compound 


Product 


Reducing agent 


Page 


X-AtCOjR'* 


X-ArCOjR^AiCOjR' 


H 2 /Pd, H 2 /Raney Ni 


159 


RCHXCOjR"’ * 


RCH 2 CO 2 R 


Hj/Pd 


159 




RCHXCHjOH 


(LiAlH 4 ); AIH 3 , UBH 4 , 


159 






Ca(BHJ, 


159 




RCH 2 CH 2 OH 


(LiAlH 4 ) 


159 


RCH(N 02 )C 02 R'* 


RCH(NH 2 )C 02 R' 


H./Pd 


159 


OjN-ArCOjR' 


H 2 N-ArC 02 R' 


Fe 


159 




RCH(N 02 )CH 20 H or 
O 2 N-A 1 CH 2 OH 


UAIH 4 , AIH 3 , BH 3 


159, 160 


RCNjCOjR' 


RC(:NNH 2 )C 02 R' 


K 2 SO 3 


160 




RCH(NHNH 2 )C 02 R' 


NaHg 


160 




RCH(NH 2 )C 02 R' 


H 2 /Pt 02 


160 


RCH(Nj)COjR'* 


RCH(NH 2 )C 02 R 


H 2 /Pd, AlHg 


160 



«X = F, Cl, Br. 

^ Not necessarily in the a-position. 



Table 28 Reduction of hydroxy esters, amino esters, keto esters, oximino esters and acid-esters 



Starting compound Product Reducing agent Page 



UAIH 4 , LiBH^, CaCBHJi 161 

Hj/Ni, H2/CuCrj04 160 



ArCH(OH)C02R 


AiCH(OH)CH20H 

A1CH2CH2OH 


RCH(NH2)C02R' 


RCH(NH2)CH20H 


RCOCO2R' 


RCH( 0 H)C 02 R' 




RCH2C02R' 




RCOCH20H 


RC(:N0H)C02R' 


RCH(NH2)C02R' 


^C02H 

(CH2)„^ 

CO2R 


/CH 20 H 

(CH2)„ 

^C02R 




/C 02 H 

(CH2). 

^CH20H 


RC( 0 R ')3 


RCH( 0 R ')2 


RCOSR' 


RCH2SR, 

RCHO 


RC(S)SR' 


RCH3 



H 2 /Raney Ni, LiAlH 4 


161 


H 2 /Pt 02 , Raney Ni, NaBH 4 , 
NaHg, AlHg, iso-FiOH/ 
Al( 0 -«o-Pr) 3 , Yeast 
2R"SH; Raney Ni desulf- 
urization, (NaBHjCN) 

1. LiN (iso-Pr) 2 , 2. UAIH 4 
1. HC(0R>3, Z LiAlH 4 


161 

161 

161,162 

162 

162 

162 

162, 163 


H 2 /Pd, AlHg, Zn 


163 


AIH 3 , BH 3 


163 


Na/ROH 


163 


LiAIH 4 


163 


AIH 3 , 
Raney Ni 


163, 164 


Raney Ni 


164 
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Table 29 ReductloD of amides, lactams and imides 



RCONR'R" 




RCH = CHNHCOR' 
RCH = CHCONHR' 

OjN CONR2 

RCOCONHR' 

RO2C CONH2 



Product 


Reducing agent 


Page 


RCHO" 


UAIH 4 , LiAlH(OEt) 3 , 


164, 165 




NaAlHjCOCHjCHjOMe)^, 


164, 165 




Electroreduction, Na/NHj 


165 


RCHjOH 


(Hj/PtO^), UAIH 4 , 


166 




LiBHEtj, 


166 




NaAlHjCOCHjCHiOMe),, 


166 




NaBH 4 


166 


RCHjNR'R' 


Hj/CuCfjO^, L 1 AIH 4 , 


167 




Mg(AlH 4 )„ 


167 




NaAlHj(OCH,CHjOMe)„ 


167 




LiAlH(OMe)j,AlHj,BHj, 


167, 168 




Electroreduction, (Na, NaHg) 


167, 168 


CH 2 


Hj/PtOj, Electroreduction, 


168 




LiAlH^, 


168 


1 


NaAlHiCOCHjCHiOMe),. 


168 


NH 


NaBH^, BH 3 


168 




H^/Pd, Ni, CuCr 204 , UAIH 4 , 


168 


NH 


NaAlHjCOCHjCHjOMe)^, 


168 


CO^ 


BH 3 , Electroreduction 


168, 169 


CH2^ 






NH 


LiAlH 4 , Electroreduction 


169 


-CH 2 '' 






RCH 2 CH 2 NHCOR' 


H^/PtO^ 


169 


RCH 2 CH 2 CONHR' 


H^/PtO^ 


169 


RCH 2 CH 2 CH 2 NHR' 


(LiAlH 4 , LiAlH(OR) 3 , AIH 3 ) 


170 


HjN CH 2 NR 2 


AIH 3 


170 


RCH(OH)CONHR' 


Biochemical reduction 


170 


RCH( 0 H)CH 2 NHR' 


UAIH 4 


170 


ROjC CH 2 NH 2 


BH 3 


170 



Only with R' = alkyl or aryl, R" = aryl. 





200 



Correlation Tables 



Table 30 Reduction of amidines, thioamides, imidoyl chlorides and hydrazides 



Starting compound 


Product 


Reducing agent 


Page 


RC(:NH)NH 2 


r RCH 3 
\ RCHO 


Na/NHj 


171 


RCSNHj 


r RCHO 


Raney Ni, Fe 


171, 172 


V RCHjNHj 


Raney Ni (excess), LiAlH 4 , 


171 






NaBH*, NaBHjCN, 


171 






Electroreduction 


171 


RCC1 = NR' 


r RCH==NR' 


LiAlH(OCMe 3)3 


172 


\ RCHO 


Mg, SnClj, C 1 CI 2 


172 


RCONHNHSOjAr 


r RCHO 


NajC 03 


172 


\ RCHj 


LiAlH 4 , NaBH 4 , NaBH 3 CN 


172 





Table 31 
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RCHO 


Raney Ni/Na 3 p 02 , Raney Ni/ 
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HCO 2 H, NaAlH(OEt) 3 , 
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LiAlH(OEt) 3 , LiAlH(OBu) 3 , 
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(AlH(tyo-Bu) 2 ), SnClj 
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RCH 2 NH 2 


H 2 /Rh, H 2 /Pt, H 2 /Raney Ni, 
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Hj/NiBj, LiAlH*. 
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LiAlH(OMe) 3 , AIH 3 , BH 3 , 
Na/ROH 
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RCH=CHCN 


RCH 2 CH 2 CN 


H 2 /Pt 02 ,H 2 /Pd,H 2 /Co, 
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NaBH 4 , CuH, Mg/ROH, Zn, 
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Et 3 N HCO 2 H 
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RCH=CHCH 2 NH 2 


Hj/Raney Co® 
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RCH 2 CH 2 CH 2 NH 2 


UAIH 4 
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OjN^CN 


H 2 N/v^CN 


Fe, SnCl 2 
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RCOCN 


RCOCH 2 NH 2 


SnCl 2 


175 




RCH(0H)CH2NH2 


LiAlH 4 


175 



" The nitrile contained a p, y-double bond. 
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1. CATALYTIC HYDROGENATION UNDER ATMOSPHERIC 
PRESSURE (FIG. 1) 

A 25-250 ml ground glass flask A fitted with a magnetic stirring bar is charged with the catalyst, 
with the compound to be hydrogenated and with the solvent (if necessary.) The catalyst, its 
amount relative to the amount of the hydrogenated compound, and reaction conditions are 
summarized in Table 1 (p. 6), which gives general guidelines for hydrogenations of most 
common types of compounds. The solvent is chosen depending on the solubility of the compound 
to be hydrogenated. The ground glass joint of the hydrogenating flask is lightly greased or sealed 
with a Teflon* sleeve and the flask is attached to the hy(lrogenation apparatus by means of steel 
springs or rubber bands. The three-way stopcock B which connects the hydrogenating flask to a 
50-500 ml graduated tube C, filled completely by a liquid from a reservoir D, is set so as to cut 
off the graduated tube and to connect the hydrogenating flask to a glass tube fitted with another 
three-way stopcock E and a manometer F. The stopcock E is opened to outlet G connected to an 
aspirator or a vacuum pump and the apparatus is evacuated. If a low-boiling solvent is used, the 
flask A must be cooled to prevent effervescence under reduced pressure. When the pressure in the 
apparatus has dropped to 5-20 mm the stopcock E is opened to outlet H through which hydrogen 
is cautiously introduced into the apparatus using a hydrogen regulator on a hydrogen tank. 




Fig. 1 Apparatus for hydrogenation at atmospheric pressure. 
* “Teflon” is a trade name of E.I. Dupont De Nemours 
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When the pressure in the manometer has risen to about 1 atm the stopcock E is switched to the 
vacuum pump and the apparatus is evacuated again. Such flushing of the apparatus with 
hydrogen is necessary to displace air and may be repeated once more. 

Then the stopcock E is set to connect the apparatus to the source of hydrogen again, hydrogen 
is introduced until its pressure reaches 1 atm or slightly more, and the stopcock B is opened so as 
to allow the hydrogen to enter the graduated tube C. Hydrogen displaces the liquid into the 
reservoir D. By lowering the reservoir D the height of the liquid is adjusted so that it is level in 
both the graduated tube C and the reservoir D. At this moment the stopcock E is turned to cut 
off the hydrogenating assembly A-D from the source of hydrogen, the volume of hydrogen at 
exactly atmospheric pressure is read, and the reservoir D is placed in its original position as 
shown in the illustration. 

The magnetic stirrer I is started and the hydrogenation begins. Its progress is followed by the 
decrease in the volume of hydrogen enclosed in the tube C. When the consumption of hydrogen 
stops the final reading is taken after equalizing the liquid levels in both graduated tube C and the 
reservoir D. If the hydrogenation has not been finished after the volume of hydrogen has been 
used up, additional hydrogen is supplied in the way described for the initial filling. 

After the hydrogenation has come to an end the exact final volume of hydrogen used for the 
hydrogenation is calculated from the volume read at atmospheric pressure, adjusted to normal 
conditions, i.e. 760 mm and 25° (298. 15 K). 

The excess hydrogen (if any) is bled through the valve E, the hydrogenating flask is discon- 
nected, the catalyst is removed by centrifugation or filtration under the necessary precautions 
(p. 13), and the filtrate is worked up depending on the nature of the products. 

Notes: All the ground glass joints and stopcocks must be gently greased and held in position 
by springs or rubber bands. The manometer need not be sealed on but may be connected to the 
apparatus by rubber or plastic hose. Also the hydrogenating flask may be attached to the 
apparatus by means of rubber or plastic tubing. This arrangement is preferable in hydrogenations 
involving Raney nickel, for which shaking of the flask is better than magnetic stirring as Raney 
nickel sticks to the magnetic stirring bar. In this case solvents which cause swelling of the plastic 
tubing must be avoided since they may extract organic material and contaminate the product of 
hydrogenation [d^]. The manometric liquid used for an apparatus of any size is usually water. 
For precise work in a small apparatus (50- 100 ml volume) mercury is preferred. For hydrogen- 
ations at slightly elevated pressures (1-4 atm) more complicated apparatus have been designed 
and described in the literature. 



2. CATALYTIC HYDROGENATION WITH HYDROGEN 
GENERATED FROM SODIUM BOROHYDRIDE [4\ 

Hydrogenation ex situ 

The special apparatus (Fig. 2) consists of two 500 ml Erlenmeyer flasks A and B having slightly 
rounded bottoms and fitted with Teflon®-coated magnetic stirring bars and injection ports, a 
mercury-filled bubbler back-up prevention valve C, and a mercury-filled automatic dispenser D 
with airtight-connected inserted delivery tube of a buret E. 

The flask B (reactor) connected to the bubbler C is charged with 100 ml of ethanol, 5 ml of a 
0.2 M solution of chloroplatinic acid in ethanol and 5 g of activated charcoal, is attached to flask 
A (generator), and the whole apparatus is flushed with nitrogen. The buret E is filled with 150 ml 
of 1 M sodium borohydride solution in 1 m sodium hydroxide. A 1 M solution of sodium boroh- 
ydride in ethanol (20 ml) is injected into the reaction flask B with vigorous stirring to prepare the 
catalyst. Concentrated hydrochloric acid (5 ml) or glacial acetic acid (4 ml) is injected into the 
generator A followed by 30 ml of 1 M sodium borohydride solution (to flush the apparatus with 
hydrogen). A solution of the compound to be hydrogenated (0.5 mol of double bond or its 
equivalent) is injected into the reactor B. As soon as hydrogen starts reacting the pressure in the 
apparatus decreases and the solution of sodium borohydride is sucked in continuously from the 
buret E through the automatic dispenser D until the hydrogenation ends. 
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Fig. 2 Apparatus for hydrogenation with hydrogen generated from sodium 
borohydride. 

Hydrogenation in situ 

Hydrogenation of a compound may be carried out in the same vessel in which hydrogen is 
generated by decomposition of sodium borohydride. For this purpose the apparatus shown in 
Fig. 2 is simplified by leaving out the flask B. 

The flask A connected to a bubbler C is charged with 100 ml of ethanol, 5 ml of 0.2 M solution 
of chloroplatinic acid in ethanol and with 5 g of activated charcoal and is flushed with nitrogen. 
The buret E is filled with 1 50 ml of 1 M ethanolic solution of sodium borohydride. A 1 M 
ethanolic solution (20 ml) of sodium borohydride is injected with vigorous stirring to prepare 
the catalyst followed by 20 ml of concentrated hydrochloric acid (or 10 ml of glacial acetic acid). 
Finally a solution of 0.5 mol of a compound to be hydrogenated is added through the injection 
port. The stock solution of sodium borohydride is drained continuously from the automati* 
dispenser D as soon as the absorption of hydrogen has started and ends automatically when the 
reaction has finished. 

The advantage of hydrogenation with hydrogen generated from sodium borohydride is easy 
handling of relatively large amounts of compounds to be reduced in relatively small apparatus 
(much larger equipment would be needed for regular catalytic hydrogenation at atmospheric 
pressure). The disadvantages include the more expensive source of hydrogen and the more 
complicated isolation of products which cannot, as in regular catalytic hydrogenation, be 
obtained just by filtration and evaporation of the solvent but require extraction from the reaction 
mixture. 

3. CATALYTIC HYDROGENATION UNDER ELEVATED PRESSURE 

A medium-pressure apparatus is assembled from a stainless steel bomb, standard parts, valves, 
unions and copper or stainless steel tubing according to Fig. 4. 

The stainless steel bomb A (30-500 ml, tested for 125 atm) is fitted with a magnetic stirring 
bar and charged with the catalyst, the compound to be hydrogenated and the solvent (if 
necessary). It is connected tightly to a tree carrying two valves and a pressure gauge by means of 
a union using Teflon® tape around the threads. After closing valve B the apparatus is connected 
at valve C by means of copper or stainless steel tubing to a regulator of a hydrogen tank. To test 
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Fig. 4 Apparatus for hydrogenation at medium pressure. 



the apparatus for leakage it is pressurized with hydrogen until the pressure gauge for 100 atm D 
reads 50-100 atm. At this moment, valve C is closed. If the pressure of hydrogen drops 
immediately and continues dropping within a few minutes, some of the connections are leaking 
and the leak must be stopped. If tightening of the connections does not prevent the leakage the 
apparatus mustTO disassembled and the connections cleaned or replaced. If the pressure does 
not show any decrease within 5 minutes, or if a small initial drop of pressure due to absorption 
of hydrogen by the catalyst does not continue, the valve B is connected to an aspirator or a 
vacuum pump, is slowly opened and the apparatus is evacuated to remove the air originally 
present. This flushing with hydrogen may be repeated once more. 

Thereafter the valve B is closed, and through the valve C hydrogen is introduced until the 
pressure gauge D indicates the desired pressure. The pressure should be well below the maximum 
pressure for which the gauge and the bomb are designed. This precaution is necessary since, 
during exothermic hydrogenations, the temperature of the reaction may raise the pressure 
considerably, especially if the reaction mixture occupies a large portion of the container. 

After both valves B and C have been closed and the pressure reading recorded, magnetic 
stirring is started. Progress of the reaction is followed by the pressure drop. When the pressure 
no longer falls the hydrogenation is finished, or is stopped at an intermediate stage (in the case 
of a multifunctional substrate). In the former case the hydrogen pressure is released by opening 
of the valve B, the bomb is disconnected, and the contents are worked up. 

In the latter case of unfinished hydrogenation the hydrogenation may be tried at a higher 
temperature by applying an oil bath and by heating of the reaction mixture with continued 
stirring. The hydrogen pressure rises due to the rise in temperature. After the temperature has 
stabilized any pressure drop indicates that further hydrogenation is taking place. Stirring and 
heating may be continued until no more absorption of hydrogen takes place at the same 
temperature. After cooling the remaining hydrogen is released through the valve B and the 
apparatus is disassembled. 

If during the hydrogenation at room temperature or at an elevated temperature the pressure 
of hydrogen has dropped to zero more hydrogen may be needed for completing the reduction. In 
this case the apparatus is refilled with hydrogen by opening the valve C connected to the source 
of hydrogen. After repressurizing the apparatus to the desired pressure the valve C is closed and 
the hydrogenation is continued. 

After the hydrogenation has definitely finished the final reading of the hydrogen pressure is 
recorded and the excess of hydrogen is carefully bled off by opening the valve B. Only then is the 
bomb disconnected. The contents are filtered, the bomb is rinsed once or twice with the solvent, 
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the washings are used to wash the catalyst on the filter, and the filtrate is worked up depending 
on the nature of the products. 

Notes: As soon as the apparatus is pressurized for the hydrogenation and the valve C is closed 
the master valve on the hydrogen cylinder should be closed for safety reasons. While removing 
the catalyst precautions must be taken during the filtration of pyrophoric catalysts (p. 13). 



4. PREPARATION OF PALLADIUM CATALYST [31] 

Powdered sodium borohydride (0. 19 g, 5 mmol) is added portionwise at room temperature over 
a period of 5-10 minutes to a stirred suspension of 0.443 g (2.5 mmol) of powdered palladium 
chloride in 40 ml of absolute methanol. Stirring is continued until the evolution of hydrogen has 
ceased (about 20 minutes). The solvent is decanted from the black settled catalyst which is 
washed twice or three times with a solvent to be used in hydrogenations. 



5. REDUCTION WITH RANEY NICKEL 
Hydrogenolysis of Halogens [536] 

A halogen derivative (0. 1 mol) dissolved in 30 ml of methanol is dissolved or dispersed in 100 ml 
of 1 N methanolic potassium hydroxide. After addition of a suspension of 19 g of methanol-wet 
and hydrogen-saturated Raney nickel in 70 ml of methanol, hydrogenation is carried out at 
room temperature and atmospheric pressure until the volume of hydrogen corresponding to the 
hydrogenolyzed halogen has been absorbed (25-500 minutes). The reaction mixture is filtered 
with suction, taking precautions necessary for handling pyrophoric catalysts (p. 1 3); the residue 
on the filter is washed several times with methanol, and the filtrate is worked up depending on 
the properties of the product. 

With polyhalogen derivatives the amount of the potassium hydroxide must be equivalent to 
the number of halogens to be replaced by hydrogen. 



6. DESULFURIZATION WITH RANEY NICKEL 
Preparation of Aldehydes from Thiol Esters [1101] 

A solution of 10 g (0.06 mol) of ethyl thiolbenzoate in 200 ml of 70% ethanol is refluxed for 6 
hours with 50 g of Raney nickel. After the removal of the catalyst the filtrate is distilled and the 
aldehyde is isolated from the distillate by treatment with a saturated (40%) solution of sodium 
bisulfite. The yield of benzaldehyde -sodium bisulfite addition complex is 8.0 g (62%). 



Deactivation of Raney Nickel [46] 

For desulfurization of compounds containing reducible functions the Raney nickel (20 g) is 
deactivated prior to the desulfurization by stirring and refluxing with 60 ml of acetone for 2 
hours. This removes the hydrogen which is adsorbed in Raney nickel. 



7. PREPARATION OF NICKEL CATALYST [31] 

To a stirred suspension of 1.24 g (5 mmol) of powdered nickel acetate in 50 ml of 95% ethanol 
in a 250 ml flask is added 5 ml of 1 m solution of sodium borohydride in 95% ethanol at room 
temperature. Stirring is continued until the evolution of gas has ceased, usually within 30 minutes. 
The flask with the colloidal material is used directly in the hydrogenation. 
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8. HOMOGENEOUS HYDROGENATION 



Preparation of the Catalyst Tris(triphenylphosphine)rhodium Chloride [57] 

Rhodium chloride trihydrate (1 g, 5.2 mmol) and triphenylphosphine (6 g, 23 mmol) are re- 
fluxed in 120 ml of ethanol. The solid tris(triphenylphosphine)rhodium chloride is filtered with 
suction and washed with ethanol and ether. Yield is 3.5 g (73%). 



Reduction of Unsaturated Aldehydes to Saturated Aldehydes [5<^] 

In a flask of a hydrogenation apparatus, 0.2 g (0.0021 6 mol) of tris(triphenylphosphine)rhodium 
chloride is dissolved in 75 ml of de-aerated benzene under hydrogen at 25° and 700 mm pressure. 
After the addition of 1 .5 ml (0.0183 mol) of crotonaldehyde (2-butenal) hydrogenation is carried 
out with vigorous stirring for 16 hours. The solution is washed with three 10 ml portions of a 
saturated solution of sodium hydrogen sulfite containing some solid metabisulfite, each portion 
being left in contact with the benzene solution for about 1 hour. The combined aqueous layers 
and the solid are neutralized with sodium hydrogen carbonate; the solution is extracted with 
three 10 ml portions of ethyl ether; the combined ether solutions are dried over sodium sulfate 
and evaporated to give l.O ml (61.2%) of butanal. 



9. PREPARATION OF LINDLAR CATALYST [36] 

To a suspension of 50 g of purest precipitated calcium carbonate in 400 ml of distilled water is 
added 50 ml of a 5% solution of palladous chloride (PdClj) and the mixture is stirred for 5 
minutes at room temperature and for 10 minutes at 80°. The hot suspension is shaken with 
hydrogen until no mote absorption takes place, filtered with suction and the cake on the filter is 
washed thoroughly with distilled water. The cake is then stirred vigorously in 500 ml of distilled 
water; the suspension is treated with a solution of 5 g of lead acetate in 100 ml of water, stirred 
for 10 minutes at 20° and finally for 40 minutes in a boiling water bath. The catalyst is filtered 
with suction, washed thoroughly with distilled water and dried at 40-50° in vacuo. 



10. REDUCTION BY CATALYTIC TRANSFER OF HYDROGEN [77] 

In a flask fitted with an efficient stirrer and a nitrogen inlet 0.001 mol of a compound to be 
hydrogenated dissolved in 4 ml of ethanol or, preferably, glacial acetic acid is treated with an 
equal weight* of 10% palladium on charcoal and 0.94 ml (0.01 mol) of cyclohexadiene. The flask 
is kept at 25° and a slow stream of nitrogen is passed through the mixture. After at least 2 hours 
the mixture is filtered through Celite, the solid is washed with solvent and the filtrate is evaporated 
in vacuo to give 90-100% yield of the hydrogenated product. 



11. PREPARATION OF ALANE (ALUMINUM HYDRIDE) [116] 

A 300 ml flask fitted with a magnetic stirring bar, an inlet port closed by a septum, and a reflux 
condenser connected to a calcium chloride tube is charged with 100 ml of a 1.2 m solution of 
lithium aluminum hydride in tetrahydrofuran and 100 ml of anhydrous tetrahydrofuran. By 
means of a syringe, 5.88 g (0.060 mol) of 100% sulfuric acid is added slowly with vigorous 
stirring. The solution is stirred for 1 hour and then allowed to stand at room temperature to 
permit the precipitated lithium sulfate to settle. The clear supernatant solution is transferred by 
syringe to a bottle and stored under nitrogen. For precise work the titer of the solution is found 
by volumetric analysis for hydrogen. 



•Per mole of transferred hydrogen. 
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12. PREPARATION OF LITHIUM TRI- J-BUTOXYALUMINO- 
HYDRIDE [ 1011 ] 

A one-liter flask fitted with a stirrer, reflux condenser and separatory flask is charged with 7.6 g 
(0.2 mol) of lithium aluminum hydride and 500 ml of anhydrous ether. A solution of 44.4 g 
(0.6 mol) of anhydrous rm-butyl alcohol in 250 ml of ether is added slowly from the separatory 
funnel to the stirred contents of the flask. (The hydrogen evolved is vented to a hood.) During 
the addition of the last third of the alcohol a white precipitate is formed. The solvent is decanted 
and the flask is evacuated with heating on the steam bath to remove the residual ether and iert- 
butyl alcohol. The solid residue - lithium tri-/er/-butoxyaluminohydride - is stored in bottles 
protected from atmospheric moisture. Solutions 0.2 M in reagent are prepared by dissolving the 
solid in diglyme. 



13. ANALYSIS OF HYDRIDES AND COMPLEX HYDRIDES [ 68 , 82 ] 

Of many analytical methods described in the literature, the most simple and sufficiently accurate 
one is decomposition of lithium aluminum hydride suspended in dioxane by a dropwise addition 
of water and by measurement of the evolved hydrogen gas. 

For this purpose the apparatus shown in Fig. 1 could be used, provided that the flask is 
replaced by a flask with a side arm closed by a septum. Then, with the stopcock closed so as to 
connect the flask only to the graduated tube, lithium aluminum hydride is weighed into the flask 
and covered with a large amount of dioxane. Alternatively, an exact aliquot of a solution of 
lithium aluminum hydride to be analyzed is pipetted into the flask. The loaded flask containing 
a magnetic stirring bar is connected to the apparatus and, with stirring, water is added dropwise 
slowly through the septum with a hypodermic syringe. The volume of the evolved hydrogen is 
measured after it does not change any more. Sufficient time must be allowed since the decom- 
position of the lithium aluminum hydride is exothermic and warms up the apparatus [65]. For 
accurate measurement, correction for the partial vapor pressure of dioxane and water must be 
considered. 



14. REDUCTION WITH LITHIUM ALUMINUM HYDRIDE 
Acidic Quenching. Reduction of Aldehydes and Ketones 

In a two-liter, three-necked flask equipped with a dropping funnel, a mechanical stirrer and an 
efficient reflux condenser protected from moisture by a calcium chloride tube, 19 g (0.5 mol) of 
lithium aluminum hydride is dissolved in 600 ml of anhydrous ether. From the dropping funnel, 
200 g (1.75 mol) of heptanal is introduced at a rate producing gentle reflux. Ten minutes after 
the last addition and with continued stirring water is added dropwise and cautiously. The flask 
is cooled if, during the exothermic decomposition of excess hydride, refluxing b^omes too 
vigorous. The mixture is poured into 200 ml of ice-water and treated with 1 liter of 10% sulfuric 
acid. The ether layer is separated, the aqueous layer is extracted with two 100 ml portions of 
ether, the combined ether solutions are dried and evaporated, and the residue is fractionated to 
give an 86% yield of heptanol, b.p. 175-175.57750 mm. 



15. REDUCTION WITH LITHIUM ALUMINUM HYDRIDE 



Alkaline Quenching. Reduction of Nitriles [ 121 ] 

A solution of 1 2. 5 g (0.10 mol) of caprylonitrile (octanenitrile) in 20 ml of anhydrous ethyl ether 
is slowly added to a stirred and ice-cooled solution of 3.8 g (0.10 mol, 100% excess) of lithium 
aluminum hydride in 200 ml of anhydrous ethyl ether. With continued cooling and vigorous 
stirring 4 ml of water, 3 ml of 20% solution of sodium hydroxide, and 14 ml of water are added 
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in succession. The ether solution is decanted from the white granular residue, the residue is 
washed twice with ether, all the ether solutions are combined, the ether is distilled off, and the 
product is distilled at 53-54° at 6 mm to yield 1 1.5-1 1 .9 g (89-92%) of octylamine. 



16. REDUCTION WITH LITHIUM TRI- J-BUTOXYALUMINO- 
HYDRIDE 

Reduction of Acyl Chlorides to Aldehydes [1011] 

A 500 ml flask fitted with a stirrer, separatory funnel, low-temperature thermometer and nitrogen 
inlet and outlet is charged with a solution of 37. 1 g (0.20 mol) of p-nitrobenzoyl chloride in 100 ml 
of diglyme. The flask is flushed with dry nitrogen and cooled to approximately — 78° with a dry 
ice-acetone bath. A solution (200 ml) of 50.8 g (0.20 mol) of tri-rer/-butoxyaluminohydride in 
diglyme is added over a period of 1 hour with stirring, avoiding any major rise in temperature. 
The cooling bath is removed and the flask is allowed to warm up to room temperature over a 
period of approximately 1 hour. The contents are then poured onto crushed ice. The precipitated 
p-nitrobenzaldehyde (with some unreacted acyl chloride) is filtered with suction until dry and 
then extracted several times with 95% ethanol. The combined extracts are evaporated to give 
24.5 g (81%) of p-nitrobenzaldehyde, m.p. 103-104°, which after recrystallization from water or 
aqueous ethanol affords 20.3 g (67%) of pure product, m.p. 104-105°. 

17. REDUCTION WITH ALANE (ALUMINUM HYDRIDE) IN SITU 
Reduction of Nitriles to Amines [787] 

A one-liter three-necked flask equipped with a gas-tight mechanical stirrer, a dropping funnel 
and an efficient reflux condenser connected to a dry-ice trap is charged with 3.8 g (0.1 mol) of 
lithium aluminum hydride and 100 ml of anhydrous ether. Through the dropping funnel a 
solution of 1 3.3 g (0. 1 mol) of anhydrous aluminum chloride is added rapidly. Five minutes after 
the last addition of halide a solution of 19.3 g (0. 1 mol) of diphenylacetonitrile in 200 ml of ether 
is added dropwise to the well-stirred solution. One hour after the last addition of the nitrile 
decomposition of the reaction mixture and excess halide is carried out by dropwise addition of 
water followed by 140 ml of 6 n sulfuric acid diluted with 100 ml of water. The clear mixture is 
transferred to a separatory funnel, the ether layer is separated and the aqueous layer is extracted 
with four 100 ml portions of ether. After cooling by ice-water the aqueous layer is alkalized by 
solid potassium hydroxide to pH 1 1 , diluted with 600 ml of water, and extracted with four 100 ml 
portions of ether. The combined ether extracts are stirred with Drierite and evaporated under 
reduced pressure. The residue (21.5 g) is distilled to give 91% yield of 2,2-diphenylethylamine, 
b.p. 184°/I7mm,m.p. 44-45°. 



18. REDUCTION WITH DHSOBUTYLALANE 

Reduction of a, /{-Unsaturated Esters to Unsaturated Alcohols [1151] 

Diisobutylalane* (diisobutylaluminum hydride) (0.85 mol) is added under nitrogen over a period 
of 10 hours to a stirred solution of 34.4 g (0.2 mol) of diethyl fumarate in 160 ml of benzene. The 
temperature rises to 50°. After standing overnight at room temperature, the reaction mixture is 
decomposed by the addition of 76,8 g (2.4 mol) of methanol in 150 ml of benzene followed by 
4.5 g (2.5 mol) of water. The aluminum salts are filtered with suction, washed several times with 
methanol, and the filtrate is distilled to give 12.3 g (70%) of /ra/w- 2-butene- 1 ,4-diol, b.p. 86-88°/ 
0.5 mm. 



• Diisobutylalaae is available as a 1 m solution in hexane, Dibal-H®. Dibal-H® is a trade name of the Aldrich Chemical 
Company. 
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19. REDUCTION WITH BORANE 
Reduction of Carboxylic Acids to Alcohols [971] 

An oven-dried 100 ml flask with a side arm closed with a septum is fitted with a magnetic stirring 
bar and a reflux condenser connected to a mercury bubbler. The flask is cooled to room 
temperature under nitrogen, charged with 4.36 g (0.025 mol) of adipic acid monoethyl ester 
followed by 12.5 ml of anhydrous tetrahydrofuran, and cooled to - IS'" by immersion in an ice- 
salt bath. Then 10.5 ml of 2.39 m (or 25 ml of 1m) solution of borane in tetrahydrofuran 
(0.025 mol) is slowly added dropwise over a period of 19 minutes. The resulting clear reaction 
mixture is stirred well and the ice-salt bath is allowed to warm slowly to room temperature over 
a 16-hour period. The mixture is hydrolyzed with 15 ml of water at 0°. The aqueous phase is 
treated with 6 g of potassium carbonate (to decrease the solubility of the alcohol-ester in water), 
the tetrahydrofuran layer is separated and the aqueous layer is extracted three times with a total 
of 1 50 ml of ether. The combined ether extracts are washed with 30 ml of a saturated solution of 
sodium chloride, dried over anhydrous magnesium sulfate, and evaporated in vacuo to give 3.5 g 
(88%) of a colorless liquid which on distillation yields 2.98 g (75%) of ethyl 6-hydroxyhexanoate, 
b.p. 7970.7 mm. 



20. REDUCTION WITH BORANE IN SITU 
Reduction of Esters to Alcohols [738] 

In a one-liter three-necked flask equipped with a mechanical stirrer, a dropping funnel, a 
thermometer and a reflux condenser, 8.5 g (0.225 mol) of sodium borohydride is dissolved in 
250 ml of diglyme with stirring. After addition of 125 g (0.4 mol) of ethyl stearate a solution of 
0.084 mol of aluminum chloride (42ml of a 2m solution in diglyme) is added through the 
dropping funnel while the mixture is stirred vigorously. The rate of addition is adjusted so that 
the temperature inside the flask does not rise above 50°. After all of the aluminum chloride has 
been added the reaction mixture is stirred for 1 hour at room temperature followed by heating 
on a steam cone for 0.5-1 hour. 

After cooling to room temperature the mixture is poured onto a mixture of 500 g of crushed 
ice and 50 ml of concentrated hydrochloric acid. The precipitate is filtered with suction, washed 
with ice-water, pressed and dried i>i vacuo. Recrystallization from aqueous alcohol affords 98.2 g 
(91%) of 1-octadecanol, m.p. 58-59°. 



21. REDUCTION WITH SODIUM BOROHYDRIDE 
Reduction of Ketones to Alcohols [68] 

A 125 ml flask fitted with a magnetic stirring bar, a reflux condenser, a thermometer and a 
separatory funnel is charged with 7.2 g (9 ml, 0.1 mol) of 2-butanone (methyl ethyl ketone). From 
the separatory funnel a solution of 1 . 5 g (0.04 mol, ^% excess) of sodium borohydride in 15 ml 
of water is added dropwise with stirring at such a rate as to raise the temperature of the reaction 
mixture to 40° and maintain it at 40-50°. Cooling with a water bath may be applied if the 
temperature rises above 50°. After the addition has been completed (approximately 30 minutes) 
the mixture is stirred until the temperature drops to 30°. It is then transferred to a separatory 
funnel and saturated with sodium chloride. The aqueous layer is drained and the organic layer 
is dried with anhydrous potassium carbonate. Distillation affords 5.5-6.0g (73-81%) of 2- 
butanol, b.p. 90-95°. 
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22. REDUCTION WITH SODIUM CYANOBOROHYDRIDE 



Reduction of Enamines to Amines [ 103 ] 

To a solution of 0.4 g (0.002 mol) of ethyl 3-(AT-morpholino)crotonate in 4 ml of methanol at 25° 
is added a trace of bromocresol green (pH 3. 8-5.4) followed by the addition of a 2 n solution of 
hydrogen chloride in methanol until the color turns yellow. Then 0.13g (0.002 mol) of sodium 
cyanoborohydride is added with stirring, and the methanolic hydrogen chloride is added drop- 
wise to maintain the yellow color. After stirring at 25° for 1 hour the solution is poured into 5 ml 
of 0.1 N sodium hydroxide, saturated with sodium chloride and extracted with three 10 ml 
portions of ether. The combined extracts are evaporated in vacuo; the residue (0.3 1 5 g) is dissolved 
in 10 ml of 1 N hydrochloric acid; the solution is extracted with two 10 ml portions of ether; the 
aqueous layer is alkalized to pH > 9 with 6 n potassium hydroxide, saturated with sodium 
chloride and extracted with three 1 0 ml portions of ether. The combined extracts are dried over 
anhydrous magnesium sulfate and evaporated in vacuo to give 0.260 g (65%) of chromatograph- 
ically pure ethyl 3-morpholinobutyrate. 



23. REDUCTION WITH TRIETHYLSILANE 

Ionic Reduction of Alkenes Capable of Forming Carbonium Ions [ 342 ] 

To a mixture of 1 . 16 g (0.0 1 mol) of triethylsilane and 2.28 g (0.02 mol) of trifluoroacetic acid is 
slowly added 0.96 g (0.0 1 mol) of 1 -methylcyclohexene. The mixture is maintained at 50° for 10 
hours, then poured into water; the hydrocarbon layer is separated, the aqueous layer is extracted 
with ether, and the combined organic layers are neutralized, washed with water, dried and 
distilled to give 67% yield of methylcyclohexane. 



24. REDUCTION WITH ST ANNANES 



Hydrogenolysis of Alkyl Halides [505] 

In a 50 ml flask fitted with a reflux condenser 5.5 g (0.0189 mol) of tributylstannane (tributyltin 
hydride) is added to 3.5 g (0.01 8 mol) of octyl bromide. An exothermic reaction ensues. Cooling 
is applied if the temperature rises above 50°. After 1 hour the mixture is distilled, giving 80% 
yield of octane and 90% yield of tributyltin bromide. 

l-Bromo-2-phenylethane requires heating with tributylstannane at 100° for 4 hours to give an 
85% yield of ethylbenzene and 87% of tributyltin bromide, and benzyl chloride requires heating 
with tributylstannane at 150° for 20 minutes to give a 78% yield of toluene and an 80% yield of 
tributyltin chloride. 



25. ELECTROLYTIC REDUCTION 
Partial Reduction of Aromatic Rings [ 132 ] 

In an electrolytic cell (Fig. 5) consisting of platinum electrodes (2 cm x 5 cm in area) and cathode 
and anode compartments separated by an asbestos divider, each compartment is charged with 
1 7 g (0.4 mol) of lithium chloride and 450 ml of anhydrous methylamine. Isopropylbenzene ( 1 2 g, 
0. 1 mol) is placed in the cathode compartment and a total of 50,000 coulombs (2.0 A, 90 V) is 
passed through the solution in 7 hours. After evaporation of the solvent the mixture is hydrolyzed 
by the slow addition of water and extracted with ether; the ether extracts are dried and evaporated 
to give 9.0 g (75%) of product boiling at 149-153° and consisting of 89% of a mixture of isomeric 
isopropylcyclohexenes and 1 1% of recovered isopropylbenzene. 

Similar electrolysis without the divider affords 82% yield of a product containing 78% of 2,5- 
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Fig. 5 Electrolytic cell. A, electrodes; B, diaphragm; C, reflux condensers; D, glass 
seals. 

dihydroisopropylbenzene beside 6% of isopropylcyclohexene and 1 3% of recovered isopropyl- 
benzene. 



26. REDUCTION WITH SODIUM (BIRCH REDUCTION) 

Partial Reduction of Aromatic Rings [ 399 ] 

An apparatus is assembled from a 250 ml three-necked flask fitted with a magnetic stirring bar, 
an inlet tube reaching almost to the bottom and an efficient dry-ice reflux condenser connected 
to a calcium chloride tube. The remaining opening for addition of solids is stoppered, the reflux 
condenser is charged with dry ice and acetone, and the flask is immersed in a dry-ice acetone 
bath. From a tank of ammonia 100 ml of liquid ammonia is introduced. a-Naphthol (10 g, 
0.07 mol) and 2.7 g (0.068 mol) of powdered sodamide are added followed by 12.5 g of tert-aanyl 
alcohol and finally by 3.2 g (0.13g-atom) of sodium in small pieces. After the blue color has 
disappeared the cooling bath and the reflux condenser are removed and ammonia is allowed to 
evaporate. Water (100 ml) is added and then the solution is extracted several times with ether 
and acidified with dilute hydrochloric acid. The precipitated oil solidifies and gives, after recrys- 
tallization from petroleum ether (b.p. 80-100°), 8.5 g (83.5%) of 5,8-dihydro-a-naphthol. 



27. REDUCTION WITH SODIUM 
Acyloin Condensation of Esters [ 1048 ] 

A five-liter three-necked flask fitted with a high-speed stirrer (2000-2500 r.p.m.), a reflux con- 
denser and a separatory funnel is charged with 1 15 g (5 g-atoms) of sodium and 3 liters of xylene 
and heated in an oil bath (or a heating mantle) to 105°. The air in the flask is displaced by 
nitrogen, and when the sodium has melted stirring is started and the sodium is dispersed in a 
finely divided state in xylene. From the separatory funnel, 535 g (2.5 mol) of methyl laurate is 
added at such a rate as to maintain the temperature below 110°. This requires approximately 1 
hour. Stirring is continued for an additional 30 minutes. Small panicles of unreacted sodium are 
then destroyed by the addition of 1-2 mol of methanol (40-80 ml). After cooling to 80°, 0.5-1. 0 
liter of water is added cautiously- The organic layer is separated, washed once or twice with 
water, neutralized with a slight excess of mineral acid, and washed free of acid with a solution of 
sodium bicarbonate. The xylene is removed by steam distillation and the oily residue is poured 
into a suitable vessel to solidify. The crude product contains 80-90% of acyloin and is purified by 
crystallization from 95% ethanol. (Precautions necessary for work with sodium and flammable 
liquids have to be observed.) 
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28. REDUCTION WITH SODIUM NAPHTHALENE 



Cleavage of Sulfonamides to Amines [ 705 ] 

In an Erlenmeyer flask capped with a rubber septum a mixture of naphthalene, 1 ,2-dimethoxy- 
ethane and enough sodium to yield an 0.5 -1,0 M solution of anion radical is stirred with a glass- 
covered stirring bar for 1-1.5 hours, by which time the anion radical will have formed and 
scavenged the oxygen inside the flask. A solution of one-sixth to one-third of an equivalent of the 
sulfonamide in dimethoxyethane is injected by syringe and the mixture is stirred at room 
temperature for approximately 1 hour. Quenching with water produces amines in 68-94% 
isolated yields. 



29. REDUCTION WITH SODIUM AMALGAM 
Preparation of Sodium Amalgam [ 68 ] 

Clean sodium (5 g, 0.217g-atom) is cut into small cubes of 3-5 mm sides. Each individual cube 
is placed on the surface of 245 g of mercury in a mortar, pressed under the surface of the mercury 
and held there by means of a pestle. As soon as it dissolves, further cubes are treated in the same 
way without any delay. The dissolution is accompanied by a hissing sound and sometimes by 
slight effervescense. It is strongly exothermic and warms up the mercury well above room 
temperature. Warmer mercury dissolves sodium more readily. The addition of sodium must 
therefore be accelerated in order not to let the mercury cool. When all the sodium has dissolved 
the liquid is poured into another dish and allowed to cool, whereafter it is crushed to pieces and 
stored in a closed bottle. The whole operation must be carried out in an efficient hood. If a cube 
of sodium is not entirely submerged its dissolution may be accompanied by a flash of fire. 

Reduction of oc,^-Unsaturated Acids [ 68 ] 

In a 250 ml thick-walled bottle with a ground glass stopper 7.4 g (0.05 mol) of cinnamic acid is 
dissolved in a solution of 2 g (0.05 mol) of sodium hydroxide in 65 ml of water until the reaction 
is alkaline to phenolphthalein. A total of 1 50 g of sodium amalgam containing 3 g (0. 1 3 g-atom) 
of sodium is added in pieces. After each addition the bottle is shaken vigorously until the solid 
amalgam changes to liquid mercury. Only then is the next piece of the amalgam added. When all 
the amalgam has reacted the bottle is warmed for 10 minutes at 60-70°, the contents of the bottle 
are transferred into a separatory funnel, and the mercury layer is drained; the aqueous layer is 
transferred into an Erlenmeyer flask, and acidified with concentrated hydrochloric acid to Congo 
Red. Hydrocinnamic acid precipitates as an oil which soon crystallizes. Crystallization from 45° 
warm water, slightly acidified with hydrochloric acid, gives 5. 5-6.0 g (73-80%) of hydrocinnamic 
acid, m.p. 48-49°. 

30. REDUCTION WITH ALUMINUM AMALGAM 
Reduction of Aliphatic-Aromatic Ketones to Pinacols [ 144 \ 

In a one-liter flask fitted with a reflux condenser 31.8 g (0.265 mol) of acetophenone is dissolved 
in 1 30 ml of absolute ethanol and 1 30 ml of dry sulfur- free benzene, and 0.5 g of mercuric chloride 
and 8 g (0.296 g-atom) of aluminum foil are added. Heating of the mixture initiates a vigorous 
reaction which is allowed to proceed without external heating until it moderates. Then the flask 
is heated to maintain reflux until all of the aluminum has dissolved (2 hours). After cooling the 
reaction mixture is treated with dilute hydrochloric acid and the product is extracted with 
benzene. The combined organic layers are washed with dilute acid, with a solution of sodium 
carbonate, and with a saturated solution of sodium chloride; they are then dried with sodium 
sulfate and the solvent is evaporated under reduced pressure. A rapid vacuum distillation affords 
a fraction at 160-170° at 0.5 mm which, after dissolving in petroleum ether (b.p. 65- 1 10°), gives 
18.0g(56%) of 2,3-diphenyl-2,3-butanediol, m.p. 100-123°. 
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31. REDUCTION WITH ZINC (CLEMMENSEN REDUCTION) 
Reduction of Ketones to Hydrocarbons [ 68 , 758 ] 

In a one-liter flask fitted with a reflux condenser, 400 g (5.3 mol, 3.2 equivalent) of mossy zinc is 
treated with 800 ml of a 5% aqueous solution of mercuric chloride for 1 hour. The solution is 
decanted; then 100 g (0.835 mol) of acetophenone is added followed by as much hydrochloric 
acid diluted with the same volume of water as is needed to cover all the zinc. The mixture is 
refluxed for 6 hours during which time additional dilute hydrochloric acid is added in small 
portions. After cooling the upper layer is separated, washed free of acid, dried and distilled to 
give 70 g (79%) of ethylbenzene, b.p. 135-136'’. 



32. REDUCTION WITH ZINC IN ALKALINE SOLUTION 
Reduction of Nitro Compounds to Hydrazo Compounds* 

To a mixture of 50 g (0.4 mol) of nitrobenzene, 180 ml of 30% sodium hydroxide, 20 ml of water 
and 50 ml of ethanol, 100-125 g (l,5-1.9g-atom) of zinc dust is added portion wise with efficient 
mechanical stirring until the red liquid turns light yellow. After stirring for an additional 15 
minutes, 1 liter of cold water is added, the mixture is filtered with suction, the solids on the filter 
are washed with water, and the hydrazobenzene is extracted from the solids by boihng with 
750 ml of ethanol. The mixture is filtered while hot, the filtrate is cooled, the precipitated 
crystalline hydrazobenzene is filtered with suction, and the mother liquor is used for repeated 
extraction of the zinc residue. Recrystallization of the crude product from an alcohol-ether 
mixture gives hydrazobenzene of m.p. 126-127°. 



33. REDUCTION WITH ZINC AND SODIUM IODIDE 
Reductive Cleavage of Sulfonates to Hydrocarbons [ 700 ] 

A mixture of a solution of 0.300 g of an alkyl methanesulfonate or p-toluenesulfonate in 3-6 ml 
of 1,2-dimethoxyethane, 0.300 g of sodium iodide, 0.300 g of zinc dust, and 0.3 ml of water is 
stirred and refluxed for 4-5 hours. After dilution with ether the mixture is filtered; the solution 
is washed with water, with 5% aqueous hydrochloric acid, with 5% aqueous solution of potassium 
hydrogen carbonate, with 5% aqueous solution of sodium thiosulfate and with water. After 
drying with anhydrous sodium sulfate the solution is evaporated and the residue worked up, 
giving 26-84% yield of alkane. 

34. REDUCTION WITH IRON 

Partial Reduction of Dinitro Compounds [765] 

A 500 ml three-necked round-bottomed flask fitted with a robust mechanical stirrer, a reflux 
condenser and an inlet is charged with 50 g (0,3 mol) of m-dinilrobenzene, 14 g of 80 mesh iron 
filings, 45 ml of water and 7.5 ml of a 33% solution of ferric chloride (or 50 ml of water and 3.7 g 
of sodium chloride). The flask is immersed in a preheated water bath, stirring is started at 35 
r.p.m,, and additional iron fihngs are added to the mixture in two 13 g portions after 30 minutes 
and 1 hour. After 2.5 hours of stirring and heating the reaction mixture is cooled and extracted 
with ether, giving an essentially quantitative yield of m-nitroaniUne. 



E. Fischer’s procedure, Beilstein’s Handbuch der orgartischen Chemie, 4th edn, Hauptwerk, Vol. XV, p. 68 (1932). 
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35, REDUCTION WITH TIN 
Preparation of Tin Amalgam [ 174 ] 

To a solution of 1 5 g of mercuric chloride in 100 ml of water is added 100 g of 30 mesh tin metal 
with vigorous shaking. After a few minutes, when all the tin has acquired a shiny coating of 
mercury, the liquid is decanted and the tin amalgam is washed repeatedly with water until the 
washings are clear. It is stored under distilled water. 

Reduction of Quinones to Hydroquinones [ 174 ] 

To 5.7 g (0.0527 mol) of p-benzoquinone is added 10 g (approximately 0.072 mol) of tin amalgam 
and 50 ml of glacial acetic acid. The mixture is heated on a steam bath. After 3 minutes green 
crystals of quinhydrone precipitate but soon dissolve to give a light yellow solution. After 0.5 
hour the solution is filtered, the solvent is removed in vacuo^ and the residue is recrystallized from 
benzene-acetone to give 5.0 g (88%) of hydroquinone, m.p. 169-190°. 



36. REDUCTION WITH STANNOUS CHLORIDE 
Deoxygenadon of Sulfoxides [ 186 ] 

A solution of 0.005 mol of a sulfoxide, 2.26 g (0.01 mol) of stannous chloride dihydrate, and 
2.0 ml of concentrated hydrochloric acid in lOmLqf methanol is refluxed for 2-22 hours. The 
mixture is cooled, diluted with 20 ml of water and extracted with two 25 ml portions of benzene. 
The dried extracts are evaporated in vacuo leaving virtually pure sulfide which can be purified by 
filtration of its solution through a short column of alumina and vacuum distillation or sublima- 
tion. Yields are 62-93%. 



37. REDUCTION WITH CHROMOUS CHLORIDE 
Preparation of Chromous Chloride [ 188 ] 

Zinc dust (lOg) is shaken vigorously with a solution of 0.8 g of mercuric chloride and 0.5 ml of 
concentrated hydrochloric acid in 10 ml of water for 5 minutes. The supernatant liquid is 
decanted, 20 ml of water and 2 ml of concentrated hydrochloric acid is added to the residue, and 
5 g of chromic chloride is added portionwise with swirling in a current of carbon dioxide. The 
dark blue solution is kept under carbon dioxide until used. 



Reduction of lodo Ketones to Ketones [ 188 ] 

A solution of 1 g of 2-iodo-A^-3-ketosteroid in 50-100 ml of acetone is treated under carbon 
dioxide portionwise with 20 ml of the solution of chromous chloride. After 10-30 minutes water 
is added and the product is filtered or extracted with ether and recrystallized. Yield of pure 
3-ketosteroid is 60-63%. 

38. REDUCTION WITH TITANIUM TRICHLORIDE 

Reduction of 2,4-Dinjtrobenzaldehyde to 2-Amino-4-nitrobenzaldehyde [ 590 ] 

To a solution of 9.25 g (0.06 mol) of titanium trichloride in 57 ml of boiled water is added 66 g of 
concentrated hydrochloric acid and the solution is diluted to 1 liter with boiled water. The 
mixture is heated to boiling, a current of carbon dioxide is passed through it, and a hot solution 
of 1.96 g (0.01 mol) of 2,4-dinitrobenzaldehyde in ethanol is added. The dark blue color fades 




Procedures 



215 



almost instantaneously. Addition of an excess of sodium acetate precipitates 2-amino-4-nitro- 
benzaldehyde which crystallizes on cooling. Repeated extraction with benzene and evaporation 
of the extract gives 0.8 g (50%) of 2-amino-4*nitrobenzaldehyde. 



39, REDUCTION WITH LOW-VALENCE TITANIUM 

Intermolecular Reductive Coupling of Carbonyl Compounds [ 206 \ 

A mixture of 0.328 g (0.0473 mol) of lithium and 2.405 g (0.01 56 mol) of titanium trichloride in 
40 ml of dry 1 ,2-dimethoxyethane is stirred and refluxed under argon for 1 hour. After cooling a 
solution of 0.004 mol of ketone in 1 0 ml of 1 ,2-dimethoxyethane is added and the refluxing is 
continued for 16 hours. The mixture is cooled to room temperature, diluted with petroleum 
ether, and filtered through Florisil on a sintered glass filter; the residue is cautiously quenched by 
a slow addition of methanol and the filtrate is concentrated under reduced pressure to give up to 
97% yield of crude alkylidenealkane. 

A modified procedure suitable for intramolecular reductive coupling is achieved using low- 
valence titanium prepared by reduction of titanium trichloride with a zinc-copper couple 
followed by the extremely slow addition of ketone to the refluxing reaction mixture (0.0003 mol 
over a 9-hour period by use of a motor-driven syringe pump) [550]. 



40. REDUCTION WITH VANADOUS CHLORIDE 
Preparation of Vanadous Chloride [275] 

Vanadium pentoxide (60 g, 0.33 mol) is covered with 250 ml of concentrated hydrochloric acid 
and 250 ml of water in a one-liter flask equipped with a gas outlet tube dipping under water. 
Amalgamated zinc is prepared by treatment of 90 g of 20 mesh zinc for 10 minutes with 1 liter of 
1 N hydrochloric (or sulfuric) acid containing 0. 1 mol of mercuric chloride, by decanting of the 
solution and washing the zinc thoroughly with water, with 1 n sulfuric acid and finally with 
water. The zinc is added to the mixture of vanadium pentoxide and hydrochloric acid and the 
mixture is allowed to stand for 12 hours to form a brown solution. An additional 200 ml of 
concentrated hydrochloric acid is added giving, after 24 hours, a clear purple solution of 
vanadous chloride. The solution is approximately 1 M and is stored over amalgamated zinc or, 
after filtration, in an atmosphere of nitrogen. In time the purple solution turns brown but the 
purple color is restored by addition of a small amount of concentrated hydrochloric acid. 



Reduction of Azides to Amines [277] 

A 1 M aqueous solution of vanadous chloride (10 ml) is added to a stirred solution of 1 g of an 
aryl azide in 10 ml of tetrahydrofuran. After the evolution of nitrogen has subsided the mixture 
is poured into 30 ml of aqueous ammonia; the resultant slurry is mixed with benzene, filtered 
with suction, and the filter cake is washed with benzene. The benzene layer of the filtrate is 
separated, the aqueous layer is extracted with benzene, the combined benzene solutions are dried, 
the solvent is evaporated and the residue is distilled to give 70-95% of the amine. 



41. REDUCTION WITH HYDRIODIC ACID 



Reduction of Acyloins to Ketones [977] 

To a mixture of 0.372 g (0.0 12 mol) of red phosphorus and 4.57 g (0.036 mol) of iodine in 30ml 
of carbon disulfide stirred for 10 minutes is added 2. 1 2 g (0.01 mol) of benzoin (alone or dissolved 
in 10ml of benzene) followed by 0.8 g (O.Olmol) of pyridine a few minutes later. The dark 
reaction mixture is allowed to stand for 3.5 hours at room temperature, then poured into aqueous 
thiosulfate. The organic layer is separated, the layer is extracted with 25 ml of benzene, and the 
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combined organic solutions are dried with anhydrous magnesium sulfate and evaporated to give 
a crude product which, after passing through a short column of alumina followed by crystalli- 
zation, affords 1.76 g (90%) of deoxybenzoin, m.p, 58-60°. 



42. REDUCTION WITH HYDROGEN SULFIDE 
Reduction of a-Diketones to Acyloins or Ketones [ 237 ] 

Hydrogen sulfide is introduced into an ice-cooled solution of 0.2 mol of a 1,2-diketone and 
0.02 mol of piperidine in 30 ml of dimethylformamide for 1 -4 hours. Elemental sulfur is precipi- 
tated during the introduction of hydrogen sulfide. The mixture is acidified with dilute hydro- 
chloric acid; the sediment is filtered with suction and dissolved in warm methanol; the undissolved 
sulfur is separated, and the product is isolated by evaporation of the methanol and purified by 
crystallization. If the product after the acidification is liquid it is isolated by ether extraction and 
distillation after drying of the ether extract with sodium sulfate. Yield of benzoin from benzil 
after 1 hour of treatment with hydrogen sulfide is quantitative. 

If hydrogen sulfide is introduced for 4 hours into a solution of 0.2 mol of an a-diketone in 
methanol and 0.02 mol of pyridine, a monoketone is obtained. The yield of deoxybenzoin from 
benzoin is quantitative. 



43. REDUCTION WITH SODIUM SULFITE 
Partial Reduction of Geminal Polyhalides [ 254 ] 

In a 250 ml flask fitted with a magnetic stirring bar, a separatory funnel and a column surmounted 
by a reflux condenser with an adapter for regulation of the reflux ratio is placed 29 g (0. 105 mol) 
of 1,1-dibromo-l-chlorotrifluoroethane. The flask is heated at 65-72°, and 100 g of a solution 
containing 14.7% of sodium sulfite (0.1 17 mol) and 6.3% of sodium hydroxide (0.1 57 mol) is 
added. The rate of addition and the intensity of heating are regulated so that the product boiling 
at 50° condenses in the reflux condenser without flooding the column. The reflux ratio is set so as 
to keep the temperature in the column head at 50°. The distillation is continued until all the 
product has been removed. Yield of l-bromo-l-chloro-2,2,2-trifluoroethane is 80-90%. 



44. REDUCTION WITH SODIUM HYDROSULFITE (DITHIONATE) 

Reduction of Nitro Compounds to Amino Compounds [ 257 ] 

A suspension of 1 g (0.005 mol) of 2-chloro-6-nitronaphthalene in 60 ml of hot ethanol is treated 
gradually with a solution of 3.5 g (0.02 mol) of sodium hydrosulfite (dithionate) (Na 2 S 204 ) in 
16 ml of water. The mixture is refluxed for 1 hour, cooled and filtered from most of the inorganic 
matter. The filtrate is diluted with 2-3 volumes of water. The precipitate is redissolved by heating, 
the hot solution is filtered, and the almost pure halogeno-amine is separated after cooling and 
recrystallized from 40% aqueous pyridine to give an almost quantitative yield of 2-amino-6- 
chloronaphthalene, m.p. 123°. 



45. REDUCTION WITH HYDRAZINE 

Wolff-Kizhner Reduction of Ketones to Hydrocarbons [ 281 ] 

In a flask fitted with a take-oflf adapter surmounted by a reflux condenser and a thermometer 
reaching to the bottom of the flask a mixture of 40.2 g (0.30 mol) of propiophenone, 40g of 
potassium hydroxide, 300 ml of triethylene glycol and 30 ml of 85% hydrazine hydrate (0.51 mol) 
is refluxed for 1 hour. The aqueous liquor is removed by means of the take-off adapter until the 
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temperature of the liquid rises to 175-178°, and refluxing is continued for 3 hours. The reaction 
mixture is cooled, combined with the aqueous distillate and extracted with ether. The ether 
extract is washed free of alkali, dried and distilled over sodium to give 29.6 g (82.2%) of 
propylbenzene, b.p. 160-163°. 



46. REDUCTION WITH HYPOPHOSPHOROUS ACID 

Replacement of Aromatic Primary Amino Groups by Hydrogen [ 594 \ 

To a solution of 3.65 g (0.03 mol) of /?-aminobenzylamine in 60g (0.45 mol) of 50% aqueous 
hypophosphorous acid placed in a 200 ml flask 50 ml of water is added and the mixture is cooled 
to 5°. With stirring, a solution of 2.3 g (0.033 mol) of sodium nitrite in 10 ml of water is added 
dropwise over a period of 10-1 5 minutes. The mixture is stirred for a half-hour at 5° and allowed 
to come to room temperature and to stand for about 4 hours. After strong alkalization with 
sodium hydroxide the product is obtained by continuous extraction with ether, drying of the 
extract with potassium hydroxide, and distillation. The yield of benzylamine is 2.67 g (84%), b.p. 
181-183°. 



47. DESULFURIZATION WITH TRIALKYL PHOSPHITES 
Desulfurization of Mercaptans to Hydrocarbons [ 672 ] 

A mixture of 83 g (0.5 mol) of triethyl phosphite (previously distilled from sodium) and 73 g 
(0.5 mol) of octyl mercaptan (octanethiol) in a Pyrex flask fitted with an efficient column is 
irradiated with a 100 watt General Electric S-4 bulb at a distance of 12.5 cm from the flask. After 
6.25 hours of irradiation the mixture is distilled to give 50.3 g (88%) of octane, b.p. 122-124.5°. 



48, REDUCTION WITH ALCOHOLS 
Meerwein-Ponndorf-Verley Reduction [ 68 , 309 ] 

A mixture of 20 g (0,1 mol) of aluminum isopropoxide, 0.1 mol of an aldehyde or a ketone and 
100 ml of dry isopropyl alcohol is placed in a 250 ml flask surmounted by an efficient column 
fitted with a column head providing for variable reflux. The mixture is heated in an oil bath or by 
a heating mantle until the by-product of the reaction - acetone - starts distilling. The reflux ratio 
is adjusted so that the temperature in the column head is kept at about 55° (b.p. of acetone) and 
acetone only is collected while the rest of the condensate, mainly isopropyl alcohol (b.p. 82°), 
flows down to the reaction flask. When no more acetone is noticeable in the condensate based on 
the test for acetone by 2,4-dinitrophenylhydrazine the reflux regulating stopcock is opened and 
most of the isopropyl alcohol is distilled off through the column. The residue in the distilling 
flask is cooled, treated with 200 ml of 7% hydrochloric acid and extracted with benzene; the 
benzene extract is washed with water, dried and either distilled if the product of the reduction is 
volatile or evaporated in vacuo in the case of non-volatile or solid products. Yields of the alcohols 
are 80-90%. 



Reduction with Alcohol on Alumina [755] 

Neutral aluminum oxide (Woelm W-200) is heated in a quartz vessel at 400° at 0.06 mm for 24 
hours. A glass-wool plug placed in the neck of the quartz flask prevents alumina from escaping 
from the vessel. About 5 g of the dehydrated alumina is transferred inside a nitrogen-filled glove 
bag to an oven-dried, tared 25 ml round-bottom flask containing a magnetic stirring bar. The 
flask is stoppered, removed from the glove bag, and approximately 5 ml of an inert solvent such 
as diethyl ether, chloroform, carbon tetrachloride or hexane containing 0.5 g of isopropyl alcohol 
is added. After stirring for 0.5 hour at 25°, 0.001 mol of an aldehyde or ketone in about 1 ml of 
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solvent is added and stirring is continued for 2 hours at 25°. Methanol (5 ml) is added; the 
mixture is stirred for 1 5 minutes and then suction-filtered through Celite. The Celite is washed 
with 35 ml of methanol and the combined filtrates are evaporated at reduced pressure. 

This method reduces aldehydo group preferentially to a keto group in yields up to 88% and 
with 95% selectivity. 



49. REDUCTIVE AMINATION (LEUCKART REACTION) 

Preparation of Secondary Amines from Ketones [ 321 ] 

In a distilling flask fitted with a thermometer reaching nearly to the bottom are placed 4 mol of 
ethylammonium formate prepared by adding ethylamine to cold formic acid. The mixture is 
heated to 180-190° and maintained at this temperature as long as water distils. After cooling, 1 
mol of acetophenone is added and the mixture is heated to boiling. The water and amine distil 
and are collected in concentrated hydrochloric acid. If any ketone codistils it is retiumed to the 
flask at intervals. The temperature is raised to 190-230° and maintained there for 4-8 hours. 
After cooling the mixture is diluted with 3-4 volumes of water which precipitates an oil. The 
aqueous layer is mixed with the hydrochloric acid used for collecting the distilled amine and the 
mixture is evaporated to give the hydrochloride of the excess amine used. The oil is refluxed for 
several hours with 150-200 ml of hydrochloric acid. After the hydrolysis is complete the solution 
is filtered through moist paper, the filtrate, if not clear, is extracted once or twice with ether, and 
the amine is liberated by basifying with ammonia and isolated by extraction with ether and 
distillation. Yield of ethyl-a-phenethylamine is 70%. 



50. BIOCHEMICAL REDUCTION 
Reduction of Diketones to Keto Alcohols [ 327 ] 

In a two-liter rotating flask 0.154g (0.94 mmol) of l,2,3,4,5,6,7,8-octahydronaphthalene-I,5- 
dione is treated with 440 ml of phosphate bulfer for pH 7, 4g saccharose and 20 g of wet 
centrifuged mycelium of Curvularia falcata for 20 hours. Extraction with ether and evaporation 
of the extract affords 0.194g of dark-brown resinous material which after chromatography on 
11.6g of aluminum oxide activity III gives on elution with benzene and benzene-ether (9:1) 
0.120g (77%) of (5S)-5-hydroxy-l-oxo-l,2,3,4,5,6,7,8-octahydronaphthalene, m.p. 93-94° 
(ether-heptane), [a]p —55° (c0,76, 1.05). T^e first benzene eluates contain 3% of (5S, 9R)-5- 
hydroxy-/ru«5-decalone. 

Reduction of 1,2-Diketones to 1,2-Diols [ 834 ] 

A one-liter Erlenmeyer flask containing 250 ml of a sterile solution of 6% glucose, 4% peptone, 
4% yeast extract and 4% malt extract is inoculated with a culture of Cryptococcus macerans and 
is shaken at 30° for 2 days. After addition of 0.1 00 g (0.545 mmol) of 2,2-pyridil the shaking is 
continued for 7 days. The suspension is then alkalized with 10% potassium hydroxide, and 
extracted three times with 250 ml portions of ethyl acetate. The combined extracts are dried over 
anhydrous sodium sulfate and evaporated in vacuo to give 80% yield of threo- and 5% of 
er>?fAr£>-di(2-pyridyl)ethanediol. The mixture is separated by thick-layer chromatography over 
silica gel by elution with a 1 : 1 mixture of ethyl acetate and hexane to give 0.072 g (70%) of 
r/?r££>-di(2-pyridyl)ethanediol, m.p. 92-93° (after the crystallization from 50% aqueous ethanol), 
[a]o2 5 -51.7° (c 2.44, EtOH), 
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SUBJECT INDEX 



Numbers in italics refer to Correlation Tables (pp. 178-200), bold-face numbers to Procedures 
(pp. 201 -218). The index lists reagents, types of reactions and types of compounds. Of individual 
compounds, only those shown in Schemes and Procedures are listed. 



A 

Acenapthene, from acenaphthylene, 51, /7P 
Acenaphthylene, reduction, 51, /7P 
Acetalization, protection of keto esters, 1 62 
Acetals, see Aldehyde acetals or Ketals 
Acetals, from ortho esters, 163, 198 
Acetates, from aldehyde diacetates, 105 
Acetic acid 
solvent 

in hydrogenation, 10, 1 1, 46, 47 
in reductions with zinc, 29 
of chromous salts, 30 
Acetic anhydride 

solvent in reductions with zinc, 28 
Acetone, reduction, 108 
reductive amination, 135 
solvent of chromous salts, 30 
Acetophenone 

from diazoacetophenone, 124 
reduction, 109-111, 212, 213 
reductive amination, 136, 218 
Acetylacetone, reduction, 1 27 
Acetylene, reduction to ethylene, 1 
Acetylenes 

See also Alkynes 
Acetylenes 
reduction to 

cM-alkenes, 6, 7, 9, 43, 44, 178 
rra/ts-alkenes, 30, 44, 178 
Acetylenic acids, re^dxiciion, 138, 141, 195 
Acetylenic halogen, replacement by hydrogen, 
66 

Acetylenic ketones, reduction, 122, 191 
Acetylenylcyclohexanol, reduction, 78 
Acetylpyridines, reduction, 1 10, 1 1 1 
Acid anhydrides 
from diacylperoxides, 85 
reduction, 146-148, 196 
stoichiometry in hydride reductions, 19 
Acid anhydrides, cyclic, reduction, 146, 147, 

196 

Acid derivatives, reduction, 141-175, 196, 

197 

Acid-esters, reduction to ester alcohols, 163, 

198 

Acidic quenching after hydride reductions, 22, 

207 

Acidity in hydrogenation, 10, 1 1 
Acids 

See Carboxylic acids 



Acids, mineral 

decomposition of lithium aluminum hy- 
dride, 22 

Acridine, reduction, 59 

Activated carbon. Activated charcoal, catalyst 
support, 6 

Activation energy of hydrogenation, 4 
Activators of catalysts, 5, 10, 11 
Activity of Raney nickel catalysts, 8 
Acyl chlorides 

reduction to alcohols, 145, 146, 196 
aldehydes, 16, 144, 145, 196, 208 
stoichiometry in hydride reductions, 19 
Acyloin condensation of esters, 151, 152, 211 
Acyloins 

from diketones, 35, 126, 127, 193 
esters, 151, 152, 797,211 
reduction to hydrocarbons, 126, 127, 193 
ketones, 30, 31, 124-127, 193, 215 
vicinal diols, 1 25, 193 

Acylsaccharins, reduction to aldehydes, 165 
Adam’s catalyst, 5, 6, 46, 47 
Adipate, monoethyl, reduction, 1 63, 209 
Adkins’ catalysts, 9, 47 

Advances in Catalysis, review of hydrogena- 
tion, 55, 58 

Alane 

addition to alkenes, 15 
cleavage of 
cyclic ethers, 81, 185 
tetrahydrofuran, 81 
hydrogenolysis of enamines, 92, 188 
mechanism of reduction, 19 
preparation, 13, 14, 83, 159, 206 
reduction of acyl chlorides, 146, 196 
aldehyde acetals, 103, 104, IW 
amides, 167, 168, 170, 199 
aromatic aldehydes, 99, 100, 189 
aromatic ketones, 113, 191 
cinnamaldehyde, 102, 189 
enamines, 92, 188 
epoxides, 83, 186 
ester acids, 138, 163, 198 
esters, 154, 155, 197 
free carboxyl preferentially, 1 63 
halo acids, 141, 196 
halo esters, 159, 198 
ketals, 130, 194 
monothioketals, 130, 131, 194 
nitriles, 174, 200, 208 
nitro aldehydes, 103, 190 
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Alane—cont. 
reduction of— con/, 
nitro amides, 170, 199 
nitro esters, 160 , 198 
olefinic ketones, 120 , 191 
lactams, 170 
pyridinium salts, 56 
pyridones, 170 

tetrahydrofuranyl and tetrahydropyranyl 
ethers, 104 

thiol esters, 163, 164 , 198 
thio esters, 104 
Alanes 

decomposition after reduction, 22 
stoichiometry, 19 
Alcohols 

from acetylenic alcohols, 78 , 184 
acids, 7-9, 138-142, 195, 209 
acyl chlorides, 145, 146 , 196 
aldehydes, 6, 17, 96, 97, 99, 100, 189 , 217 
aldehydes and ketones, 35, 36, 189, 191, 
207 

allyl alcohols, 77, 78 , 184 
amides, 166 , 199 
benzyl carbonates, 151 
cyclic ethers, 81, 755 
cyclic ketones, 113-118 
epoxides, 83, 84 , 186 
esters, 148, 152-156, 197, 209 
ethers, 81, 82 , 185 
halo esters, 159 , 198 
halo hydrins, 81 , 184 
halo ketones, 123 , 192 
hydroperoxides, 32, 84, 85 , 186 
hydroxy esters, 160 , 198 
ketones, 6, 107-118, 191, 209 
olefinic aldehydes, 98 , 189 
esters, 157, 158 , 197 
ketones, 121 , 191 
peroxides, 33, 84, 85 , 186 
sulfonyl esters, 90, 91 , 187 
hydrogen donors in hydrogen transfer, 35 
of pyridine series, reduction, 56 
optically active, 117, 118 
reaction with complex hydrides, 14, 15 
reducing agents, 35, 36, 217 
reduction, 76-81 , 184 

Alcohols, acetylenic, from acetylenic ketones, 
122 , 191 

reduction, 78, 184 
Alcohols, allylic 

from acetylenic acids, 138, 141 , 195 
acetylenic alcohols, 78 , 184 
acetylenic esters, 1 59 , 197 
epoxy ketones, 1 26 , 193 
olefinic epoxides, 84 , 186 
esters, 157, 197, 208 
ketones, 120, 121 , 191 
peroxides, 84, 85 , 186 
reduction to alkenes, 80 , 184 
saturated alcohols, 77, 78 , 184 
Alcohols, amino 
from nitro aldehydes, 103, 790 
Alcohols, aromatic 

from aromatic aldehydes, 99, 100 , 189 
aromatic carboxylic acids, 1 39, 795 
Alcohols, benzylic, hydrogenolysis, 79, 1 12 , 184 



Alcohols, chiral 
by reduction of aldehydes, 96 
from acetylenic ketones, 122, 797 
Alcohols, cinnamyl-type 
hydrogenation, 80, 184 
Alcohols, halo. 

See Halo alcohols 
Alcohols, hydroaromatic 
from phenols, 80 , 184 
Alcohols, hydroxy 
from hydroxy aldehydes, 103 
Alcohols, nitro 
See Nitro alcohols 
Alcohols, olefinic 
See also Alcohols, allylic 
from olefinic acids, 138, 795 
aldehydes, 97, 98, 101, 102 , 189 
esters, 157, 797 
ketones, 120, 121, 797 
reduction, 11, 78 

Alcohols on alumina, reduction with, 217 
Aldehyde acetals, reduction, 103, 104 , 190 
Aldehyde derivatives, reduction, 190 
Aldehyde diacetates, reduction, 105 , 190 
Aldehyde dithioacetals. 

See Mercaptals 
Aldehyde group 

conversion to methyl, 97, 102, 105, 106 , 189 
Aldehyde hemiacetals, from esters, 149, 
197 

Aldehyde hemiacetals, cyclic 
See Lactols 
Aldehydes 

conversion to amines, 36, 1 34, 1 36 
to hydrocarbons, 97, 100, 101, 104, 105, 
759 , 190 

coupling to alkenes, 97, 101, 759 
from acids, 34, 136, 137, 139, 795 
acyl chlorides, 16, 144, 145, 196, 208 
amides, 164-166, 799 
amidines, 171, 177, 200 
esters, 148, 150, 797 
imidoyl chlorides, 30, 172, 200 
nitriles, 30, 70, 173, 200 
olefinic aldehydes, 7, 97, 101, 102, 759 
ozonides, 32, 85, 86 , 186 
sulfonyl hydrazides, 172, 200 
thioamides, 171, 172, 200 
thiol esters, 163, 164, 795, 205 
hydrogenation to alcohols, 6, 9, 96, 97, 99, 
100, 759 

Meerwein-Ponndorf reduction, 96, 97, 99, 
100, 759 

reducing agents, 36, 110 
reduction, preferential to ketones, 97 
reduction to alcohols, 35, 36, 96, 97, 99, 100, 
102, 759,217 
alkenes, 30, 97, 101, 759 
hydrocarbons, 106, 759 
with hydrazine, 34, 97, 101, 759 
hydrides and complex hydrides, 22, 96- 
102, 759 

iron, 29, 96, 97, 759 
lithium aluminum hydride, 17, 18, 96- 
98, 100, 102, 207 
titanous chloride, 97, 101, 759 
stoichiometry in hydride reductions, 18, 19 
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Aldehydes, aliphatic 
reduction, 96-98 , 189 
Aldehydes, aliphatic, olefinic 
reduction, 97, 98 , 189 
Aldehydes, amino 
from nitro aldehydes, 103 , 190 
Aldehydes, aromatic 
from aromatic acids, 139 , 195 
olefinic aromatic aldehydes, 101, 102 , 189 
hydrogenation to hydroaromatic hydro- 
carbons, 101 , 189 
hydrogenolysis, 79, 101 , 189 
reduction, 29, 99-103 , 189 
Aldehydes, benzyloxy 
hydrogenolysis to aldehydes, 103, 790 
Aldehydes, halogenated, reduction, 103 
Aldehydes, hydroxy, reduction, 103 
Aldehydes, nitro, reduction, 103 , 190 
Aldehydes of pyridine series, reduction, 56 
Aldehydes, olefinic 
from acyl chlorides, 145 
reduction, 7, 98, 106, 189, 206 
Aldimines 
from acids, 1 37 
imidoyl chlorides, 172 , 200 
reduction, 105 , 190 
Aldoximes 

from nitro compounds, 69, 70 , 182 
reduction, 106 , 190 

Aldrich Chemical Company, trade names of 
hydrides, 15 

Aldonic acids, reduction to aldoses, 27 
Aldoses 

from aldonolactones, 149 
Aliphatic compounds 
See under the compound 
Alkali, decomposition of lithium aluminum 
hydride, 22 

Alkali diethyl phosphorotellurate, deoxygena- 
tion of epoxides, 83 , 186 
Alkali hydrosulfides, reducing agents, 32 
Alkali hydroxides, solvents for reduction with 
zinc, 28 

Alkali iodides, reducing agents, 32 
Alkali metals 

electrochemical potential, 25-27 
reductions, 25-27, 178-181, 184-188, 190, 
191, 195, 196, 198-200 
Alkali polysulfides, reducing agents, 32 
Alkali sulfides, reducing agents, 32, 33 
Alkaline quenching after hydride reductions, 
22, 167, 207 

Alkalinity in hydrogenation, 10, 1 1 
Alkanes 

from alcohols, 77 , 184 
aldehydes, 97 , 189 
alkenes, 39-42 , 178 
alkyl halides, 63, 64 , 181 
alkyl sulfonates, 90, 91, 187, 213 
alkynes, 6, 43 , 178 
allyl halides, 66 , 181 
amines, 92 , 188 
dienes, 42 , 178 
ketones, 108 , 191 
olefinic aldehydes, 97 , 189 
ketones, 121 , 191 
sulfur compounds, 86-92 , 187 



Alkanes — cont. 
from— co/I/. 

vinyl halides, 66 , 181 
hydrogenolysis, 39 , 178 
Alkanesulfonic acids, from alkyl sulfonates, 91 
Alkenes 

from aldehydes, 101 , 189 
alkynes, 6, 30, 43-45 , 178 
allyl alcohols, 77, 78 , 184 
allyl ethers, 82 , 185 
allyl halides, 66 , 181 
aromatic aldehydes, 97 , 189 
ketones, 1 12, 797 
bromohydrins, 81 
chloroalkenes, 66 
dienes, 42, 43 , 178 
diketones, 128, 795 
diols, 77 , 184 
enamines, 92 , 188 
epoxides, 30, 83, 84, 186 
halohydrins, 81 , 184 
halo ketones, 123, 792 
iodo azides, 76 , 183 
ketones, 30, 109, 1 18, 1 19, 797, 215 
olefinic ketones, 121, 797 
thiiranes, 35, 87 
vicinal dihalides, 65 , 181 
vinyl ethers, 82 , 185 
halides, 66 , 181 
hydroboration, 41, 775 
hydrogenation, 6, 39, 41, 775 
ozonolysis, 86 

reduction to alkanes, 39-42, 775 
reduction with triethylsilane, 210 
Alkenyl pyridines, reduction, 56 
Alkoxyaluminohydrides, synthesis, 1 4, 1 5 
Alkoxyborohydrides, synthesis, 1 4, 1 5 
Alkyl aldimines, reduction, 1 05 
Alkylaminotetrahydropyrans, reduction, 105 
Alkyl aryl ethers, reduction, 82, 83 , 185 
Alkyl benzyl carbamates, reduction, 151 
Alkyl benzyl carbonates, reduction, 1 5 1 
Alkyl bromides 
See also Alkyl halides 
Alkyl bromides, reduction, 63, 64, 757 
Alkyl chlorides 
See also Alkyl halides 
Alkyl chlorides, reduction, 63, 757 
Alkyldicyclohexylisoureas, reduction, 77 , 184 
Alkyl dihalides, geminal 
See Alkylidene halides 
Alkyl fluorides 

See also Alkyl halides 
Alkyl fluorides, reduction, 63, 757 
Alkyl halides 

from allyl halides, 66, 757 
geminal dihalides, 64, 757 
vinyl halides, 66, 757 
reduction, 63, 757, 210 
Alkyl hydroxyalkyl sulfides, 
from alkyl tetrahydropyranyl sulfides, 105 
Alkylidene halides, reduction, 64, 757 
Alkyl iodides 
from alkyl sulfonates, 77 
reduction, 63, 64, 77 

Alkyl methanesulfonates, reduction, 90, 91, 
757, 213 
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Alkylpyridines 

from acetylpyridines, 1 1 1 
reduction, 55 

Alkyl pyridyl ketones, reduction, 110, 111 
Alkyl stannanes 

See also specific stannanes 
Alkylstannanes 

reduction of vicinal dihalides, 65, 181 
Alkyl sulfonates 

Sulfonyl esters 

Alkyl sulfonates, conversion to alkyliodides, 77 
Alkyl tetrahydropyranyl sulfides, reduction, 
105 

Alkyl thiocyanates, reduction, 87, 187 
Alkyl p-toluenesulfonates, reduction, 91, 187, 

213 

Alkynes, reduction to alkenes, 29, 43-45, 178 
alkanes, 6, 46, 178 
Ally lie alcohols 
^e Alcohols, allylic 
Ally lie amines 
See Amines, allylic 
Allylic bond shift, 4 
Allylic chlorides, reduction, 66, 181 
Allylic ethers 

See Ethers, allylic 
Allylic fluorine, hydrogenolysis, 66 
Allylic halides, reduction, 66, 181 
Allylic halogen, hydrogenolysis, 66, 142 
Allylic hydroxyls, hydrogenolysis, 77, 78, 184 
Alox, reducing agent, 146 
Alumina, support for catalysts, 6, 7 
Aluminum 

physical constants, 25 
reduction of quinones, 27, 129, 193 
relative electrode potential, 25 
Aluminum amalgam 
preparation, 27, 212 
reduction of 
azides, 27, 76, 183 
azido esters, 1 60, 198 
azo compounds, 27, 95, 96, 188 
cumulenes, 27, 49 
cyclic ketones, 118 
geminal dihalides, 64, 181 
hydrazones, 134 
keto esters, 161, 198 
ketones, 109, 112, 797,212 
nitriles, 175 

nitro compounds, 27, 72, 182 
oximino esters, 163, 198 
sulfones, 27, 89, 187 
sulfoxides, 88, 187 
trigeminal halides, 64, 65 
Aluminum amyloxide, optically active, 1 1 1 
Aluminum hydroxide 
by hydrolysis of aluminum hydrides, 1 7 
Aluminum chloride 

preparation of alane, 14, 83, 102-104, 113, 
130, 141, 154, 155, 159, 170, 174 
borane, 14, 139, 155, 174 
chloroalanes, 77, 107 
lithium aluminum hydride, 13, 14 
Aluminium hydride 
See Alane 

Aluminum isopropoxide 
reduction of keto esters, 96, 161, 217 



Aluminum oxide, in reductions with alcohols, 
97, 217 

Amalgamated metals 
See Metal amalgams 
Amide esters, reAueixon, 170, 171, 199 
Amides 

from olefinic amides, 169, 799 
reduction mechanism, 164 
reduction to alcohols, 165, 166, 199 
aldehydes, 164-166, 799 
amines, 164, 166-168, 799 
stoichiomet^ in hydride reductions, 18, 19 
Amides, olefinic, reduction, 169, 799 
Amidines, reduction to aldehydes, 171, 200 
Amine oxides, reduction, 29, 30, 94, 95, 188 
Amines 

See also Amino compounds 
Amines 

by reductive amination of acids, 1 7 1 
from aldehydes and ketones in Leuckart re- 
action, 36, 134 
aldimines, 105, 190 
aldoximes, 106, 190 
alkanesulfonamides, 92, 187 
amides, 166-168, 799 
amine oxides, 30, 94, 95, 188 
azides, 6, 32, 33, 76, 183, 215 
azo compounds, 33, 96, 188 
benzyl carbamates, 151 
enamines, 36, 92, 188, 210 
halo nitro compounds, 74, 182 
hydrazines, 95, 188 
hydrazo compounds, 95, 188 
hydrazones, 133, 134 
hydroxylamines, 95, 188 
imides, 168, 169, 799 
ketimines, 1 32, 194 

ketones, with ethyl ammonium formate, 
135, 136, 218 
ketoximes, 132, 133, 194 
lactams, 168, 799 
nitriles, 6, 173-175, 200, 208 
nitro compounds, 6, 28-33, 69-75, 182 
nitro compounds, stoichiometry, 29 
nitro ketones, 124, 192 
nitroso compounds, 32, 33, 94, 183, 188 
olefinic amides, 170, 799 
amines, 92, 188 
nitriles, 175, 200 
nitro compounds, 71, 182 
oximes, 6, 106, 132, 133, 190, 194 
sulfonamides, 91, 92, 187, 212 
thio amides, 171, 172, 200 
methylation with formaldehyde, 1 36 
reduction, 92-95, 188 
reductive amination, 134-136, 171 
Amines allylic, reduction, 92, 188 
Amines, aromatic, reduction, 92, 93, 188 
Amines, benzylic, hydrogenolysis, 93, 188 
Amines, cyclic, from lactams, 168, 199 
Amines, hydroaromatic, from aromatic 
amines, 93, 188 

aromatic nitro compounds, 74, 182 

from olefinic nitriles, 133, 175, 

200 

hydrogenation, 92, 188 
Amines, tertiary, hydrogenation promoters, 1 1 
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Aminoacetophenoney from diazo acetophen- 
one, 124 

Amino acids, from nitro acids, 142, 196 
Aminoalanes 

reduction of acids to aldehydes, 137, 139 
Amino alcohols 

from alkylaminotetrahydropyrans, 105 
a and ^-lactams, 168 
amino esters, 161, 198 
azido ketones, 125, 192 
diazo ketones, 124, 192 
keto amides, 170, 199 
keto nitriles, 175, 200 
nitro alcohols, 8 1 , 184 
nitro aldehydes, 103, 190 
hydrogenolysis, 94 

Aminobenzaldehyde, from nitro benzaldehyde, 
103 

Aminobenzylamine, conversion to benzylam- 
ine, 217 

Aminochloronaphthalene, from chloronitro- 
naphthalene, 216 
Amino compounds 
See Amines 

Aminocyclohexane, from nitrobenzene, 72 
Amino esters 

from azido esters, 160, 198 
diazo esters, 160, 198 
ester amides, 170, 199 
nitro esters, 159, 198 
oximino esters, 163, 198 
reduction, 161, 198 

Aminoethylbenzene, from acetophenone, 136 
Amino{ethylcyclohexane\ from ethylcyclo- 
hexanone oxime, 133 
Amino ketones 

from diazo ketones, 124, 192 
keto nitriles, 175, 200 
nitro ketones, 124, 192 
reduction, 94 

Aminoiynethylcyclohexane), from melhylcy- 
clohexanone oxime, 133 
Amino nitriles, from nitro nitriles, 175, 200 
Aminonitroacetanilide, from dinitroacetani- 
Ude, 74 

Aminonitrobenzaldehyde, from dinitro benzal- 
dehyde, 74, 214 

Aminonitro-N-methylaniline, from dinitro-N- 
methylaniline, 74 

Aminonitrophenol, from dinitrophenol, 74 
Aminophenols 
from nitrophenols, 81 
nitroso phenols, 81 

2-Amino-l-phenylpropane, from 2-nitro-l- 
phenylpropene, 71 
A minopiperidine 
from nitropiperidine, 94 
nitrosopiperidine, 94 
Ammonia 

in reductive amination, 134-136 
solvent in reductions with zinc, 28 
hydrogen sulfide, 32 
of alkali metals, 25, 26 
Ammonium formate 

in reductive amination, alkylation, 36, 135 
Ammonium hydrogen sulfide, reducing agent, 
32 



Ammonium sulfide, reducing agent, 32 
reduction of 
nitro acids, 142 
nitro compounds, 73 
nitro oximes, 1 33 
nitroso compounds, 75 
tert-Amyl alcohol, 

proton donor in Birch reduction, 211 
Analysis of hydrides and complex hydrides, 207 
Androstanedione, reduction, 117 
Androsterone, from androstanedione, 1 17 
Aniline 

from azo benzene, 96 
nitrobenzene, 73 
Anisaldehyde, reduction, 100 
Anisole, reduction, 82 
Anthracene, reduction, 51,179 
Anthracene, resonance energy, 46 
Anthracene-9,1 0-diimine, conversion to diim- 
ide, 33 

Ant hrahy dr oquinone from anthraquinone, 129 
Anthraquinone 

reduction to anthrahydroquinone, 129 
Anthrone, from anthraquinone, 129 
Anti- Addition in electroreduction, 24 
in reduction with metals, 24 
Apparatus 

for catalytic hydrogenations, 1, 2, 3, 201, 
203, 204 

electroreduction, 24, 25 
Aralkyl halides 
See Benzyl halides, 181 
Arenesulfonyl esters, 
conversion to iodides, 77 
reduction, 90, 91, 757 

Arenesulfonyl hydrazides, reduction, 172, 200 
Arenesulfonylhydrazones, 106, 190 
Aromatic aldehydes 

See Aldehydes, aromatic 
Aromatic amines 

See Amines, aromatic 
Aromatic carboxylic acids 

See Carboxylic acids, aromatic 
Aromatic esters, hydrogenolysis, 79 
Aromatic fiuorine, hydrogenolysis, 68 
Aromatic halides, reduction, 67-69 
Aromatic heterocycles, reduction, 53-62, 68, 
69, 180 

Aromatic hydrocarbons, reduction, 36, 46-53, 
179 

Aromatic hydroxy compounds, reduction, 80,81 
Aromatic ketones 
See Ketones, aromatic 
Aromatic rings 

hydrogenation, 5, 6, 1, 10, 11, 46-53 
hydrogenation rate, 39 

Aromatic side chains, olefinic, reduction, 49, 
54, 56, 58 

Arsenobenzenes, from aryl arsonic acids, 33, 
176 

Arsonic acids, reduction to arseno compounds, 
176 

Aryl aldimines, reduction, 105 
Arylalkenes, from aromatic unsaturated alde- 
hydes, 101, 759 

Aryl chlorides, reduction, 67, 757 
Arylcyanates, preparation and reactions, 79 
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Aryldialkylisoureasy hydrogenation, 79 
Aryl etherSy reduction, 82, JSS 
Aryl fluoridesy reduction, 67 
Aryl halidesy hydro genoly sis, 67, 68, J8J 
Aryl sulfonates 
See Sulfonyl esters 
Aryl thiocyanatesy reduction, 87 
Ascaridoley reduction, 85 
Asymmetric induction in reduction of ketones, 
112 

Asymmetric reduction 
by catalytic hydrogenations, 5, 10 
of aldehydes, 96 

Autoclaves for catalytic hydrogenation, 1, 3 
Autooxidation (of ethers) to peroxides, 85 
Auwers-Skita rulCy 5 

Azacycloheptancy from caprolactam, 168 
AzideSy reduction, 6, 3 1 , 33, 70, 76, 183 y 215 
Azido estersy reduction, 160, 79<9 
Azidoiodobibenzyly reduction, 76 
Azido ketonesy reduction, 125, 192 
AzineSy hydrogenolysis, 95 
Aziridines 
from azirines, 132 
iodo azides, 76, J83 
olefinic ketoximes, 133 
AzirineSy reduction, 1 32 
Azobenzene 
from nitrobenzene, 72 
reduction, 96 

Azobis{isobutyronitrile) in desulfurization with 
tributylstannane, 104 
Azo compounds 
from hydrazo compounds, 72 
nitro compounds, 36, 72, 182 
nitroso compounds, 75, 183 
reduction, 33, 95, 96, 188 
Azodicarboxylate, potassium, 
preparation of diimide, 34, 42, 95, 96 
Azo ketoneSy from dinitroketones, 1 24 
AzoxybenzenCy from nitrobenzene, 72 
Azoxy compounds, from nitro compounds, 3 1, 
36, 72, 182 



B 

Bacillus polymyxa, 1 25 

Barium sulfate, catalyst support, 6 

9-BBN 

preparation, 15, 16 

reduction of olefinic aldehydes, 98, 189 
ketones, 120, 191 
Beauveria sulfurescens, 1 20 
Benzalacetone, reduction, 121 
Benzalacetophenone, reduction, 121 
Benzaldehyde 
from benzamides, 165 
benzenesulfonylbenzhydrazide, 172 
benzoic acid, 1 39 
benzonitrile, 172 
benzoyl chloride, 145 
ethyl thiolbenzoate, 164, 205 
phenylbenzimidoyl chloride, 172 
thiobenzamide, 172 
reduction, 99-101 
reductive amination, 135 



Benzaldehyde- 1-dy reduction, 100 
Benzamide, reduction, 1 68 
Benzene 

reduction, 48, 179 
resonance energy, 46 
solvent in hydrogenations, 11,12 
Benzenesulfinic acidy from sulfones, 89 
Benzenesulfonatesy reduction, 90, 187 
Benzenesulfonylbenzhydrazide y decomposi- 

tion, 34, 172,200 

Benzhydroly from benzophenone, 109 
Benzily reduction, 127 
Benzil diphenylmer cap tole, reduction, 131 
Benzimidazole, reduction, 60 
Benzoic acidy reduction, 139, 140 
Benzoin 

from benzil, 127 
reduction to deoxybenzoin, 216 
Benzonitrile, reduction, 172, 174 
Benzophenone, reduction, 109, 112 
Benzopinacol 

from benzophenone, 1 1 2 
reduction of diketones, 126, 127, 193 
Benzopyr azole, reduction, 60 
Benzopyrrole (indole), reduction, 54, 180 
Benzo\f]quinoliney reduction, 59 
p-Benzoquinone 
See Quinone 

Benzoylacetone, reduction, 1 27 
BenzoylcarbazoleyXQdMcXAon, 165, 166 
Benzoyl chloride, reduction, 145, 146 
Benzoylindole, reduction, 165, 166 
Benzoylpiperidine, reduction, 165 
Benzoylpropanol, from benzoyl propionic acid, 
143 

Benzoylpropionic acid, reduction, 143 
Benzoylpyrrole, reductioTiy 165, 166 
Benzoylsaccharin, reduction, 1 65 
Benzyl alcohol 
from benzaldehyde, 99, 100 
benzamides, 166 
benzoic acid, 139 
benzoyl chloride, 146 
ethyl benzoate, 1 56 

Benzyl- 1-d alcohol, from benzaldehyde- 1-d, 
100 

Benzylamine 

from aminobenzylamine, 217 
benzaldehyde, 135 
benzamide, 168 
benzonitrile, 174 
Benzylamines 
See Amines, benzylic 
Benzylaniline, from benzaldehyde, 135 
Benzyl chloride 

reduction with tributylstannane, 210 
Benzylcyclopropylamine 
from cyclopropylbenzaldimine, 105 
Benzyl esters, hydrogenolysis, 151, 197 
Benzyl ethers, reduction, 82, 103, 185 
Benzylethylamine, from benzaldehyde, 135 
Benzyl halides, reduction to hydrocarbons, 67, 
181 

Benzylic alcohols 

from aromatic aldehydes, 99, 100, 189 
hydrogenolysis, 99, 100 
reduction, 79, 80, 184 
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Benzylic halides, reduction, 67, 68, 181 
Benzy lie hydroxyl, hydrogenolysis, 79, 80, 161, 
184 

Benzylisobutylmethylamine, from benzylme- 
thylamine, 171 

Benzyl mercaptan, reduction, 87 
Benzylmethylamine, reductive amination, 171 
Benzylmethylcyclopropane, from dihalo-2, 2- 
dimethyl-l-phenylpropane, 65 
Benzyl methyl sulfide, from methyl thiol ben- 
zoate, 164 

Benzyloxycarbonyl amides, hydrogenolysis, 
151 

Benzyloxy car bony lamino compounds, hydro- 
genolysis, 94 

Benzyloxycarbonyl esters, hydrogenolysis, 
151 

Benzyl phenyl ketone, from benzil, 1 27 
Benzylpropylamine, from cyclopropylbenzal- 
dimine, 105 

Bibenzyl, from benzil, 1 27 
Bicyclic ketones, reduction, 115-117 
Biochemical reductions of 
aliphatic ketones, 108, 191 
aromatic ketones, 111, 112, 191 
cyclic ketones, 117, 118 
diketones, 218 
hydroxy ketones, 125, 193 
keto acids, 143, 796 
keto amides, 170, 799 
keto esters, 161, 162, 198 
ketones, 108, 111, 112, 120, 797 
olefinic halo acids, 142, 796 
ketones, 120, 797 
Birch reduction, 24, 26, 211 
Bis(benzyloxy)borane, reduction of toluenesul- 
fonyl hydrazones, 106, 122 
Bis(dialkylamino)alane, 
reduction of 

acids to aldehydes, 137, 139, 195 
olefinic ketones, 121, 191 
l,4-Bis{diethylamino)-2,3~butanediol, in chiral 
reductions, 1 1 1 

Bis{diisopropylamino)alane, reduction of ole- 
finic ketones, 121, 797 
Bis-hydrazones of diketones 
decomposition, 127 

Bis-{N-methylpiperazino)alane, reduction of 
acids, 139, 795 

esters to aldehydes, 148, 149, 797 
9-Borabicyclo'l3.3,l]~nonane 
addition to a-pinene, 1 1 1 
catalyst in reductions 

conversion to Enanthrane (chiral reagent), 
122 

reduction of 

cinnamaldehyde to cinnamyl alcohol, 102 
olefinic aldehydes, 98, 189 
olefinic ketones, 120, 191 
quinones, 129, 795 
synthesis, 15, 16 
Borane 

addition to alkenes, 1 5, 16, 41 , 775 
complex with dimethyl sulfide, 14 
tetrahydrofuran, 14 
trimethylamine, 14 

deoxygenation of amine oxides, 94, 188 



Borane — cont. 
handling, 20-22 
ignition, 20 
preparation, 14 
preparation of 9-BBN, 16 
diisopinocampheylborane, 16 
reduction of acids, 137, 138, 795, 209 
alkynes, 44, 178 
amides, 167, 168, 199 
amine oxides, 94, 188 
arenesulfonyl hydrazones, 106, 190 
aromatic acids, 1 39, 795 
aromatic halo acids, 141, 796 
aromatic olefinic aldehydes, 102, 759 
benzyl halides, 67, 757 
benzylic alcohols, 79, 184 
cinnamaldehyde to cinnamylalcohol, 102 
epoxides, 83, 756 
ester acids, 163, 795 
ester amides, 170, 199 
esters to alcohols, 155, 156, 197, 209 
esters to ethers, 149, 150, 797 
free carboxyl preferentially, 163 
halo acids, 141, 796 
halo aromatics, 67, 757 
halo azides, 76, 755 
1-hexene, 41 
indole, 56, 57, 180 
imides, 169, 799 
keto acids, 143, 796 
ketones, 20, 797 
lactams, 168, 799 
nitriles, \14,200 
nitro acids, 142, 796 
nitro esters, 160, 795 
olefinic epoxides, 84, 756 
ketones, 121, 797 
quinoline, 58, 180 

p-toluensulfonyl hydrazones, 103, 108, 
121,759, 191 
toxicity, 2 1 

Borane-dimethylsulfide complex 
preparation, 14 
reduction of aldehydes, 102 
amides, 167 
lactams, 168 

Borane-tetrahydrofuran complex 
preparation, 14 

preparation of bis(benzyloxy)borane, 106 

Borane-trimethylamine complex, preparation, 
14 

Boranes 

decomposition after reduction, 22 
mechanism, 1 9, 20 
stoichiometry, 19 
Boranes, chiral 

reduction of acetylenic ketones, 122 
Boric acid, buffer, 27 
Borneol, from camphor, 115, 117 
Boron trifiuoride, in reduction of acetals, 104 
epoxides, 83 

in synthesis of borane, 14 
preparation of borane, 14, 137, 139, 149, 
163, 169, 174 

Botryodiplodia theobromae. 111 , 112 
Bouveault- Blanc reduction, 1 52 
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Branching, effect on hydrogenation of alkenes, 
39 

Bromides 

See also Halides 

Bromides, hydrogenolysis, 63, 65, 67, 68 
Bromochlorotrifluoroethane, from dibromo- 
chlorotrifluoroethane, 216 
Bromohydrins 

conversion to alkenes, reduction, 8 1 , 184 
Bromo ketones, reduction, 31, 32, 123 
Bromonorcarane, from dibromomorcarene, 64 
Bromooctane, reduction, 64 
l~Bromo-2-phenylethane, reduction with tri- 
butylstannane, 210 
Bromopyridines, reduction, 68 
Bromothiophene, reduction, 32 
Bromotributylstannane 

See Tributyltin bromide, 210 
Butanal, from crotonaldehyde, 97, 98, 206 
Butanol 

from butanone, 108, 209 
butyraldehyde, 97 
solvent in reductions, 26 
Butanone, reduction, 108, 209 
2-Butenal, reduction, 98 
Butene, from crotonaldehyde, 106 
Butenediol{iTdiri%), from diethyl fumarate, 157, 
208 

2-Butenol, from 2-butenal, 98 
tert-Butyl alcohol 

preparation of tri-(tert-butoxyalumino- 
hydride, 207 

proton donor in Birch reduction, 26 
Butylaminoethylbenzene, from acetophenone, 
136 

tert‘Butylcyclohexanol, 1 1 5 
tert-Butylcyclohexanone, 115 
tert-Butylmagnesiumchloride, reduction of acyl 
chlorides, 146, 196 

tert-Butylmagnesium halides, reducing agents, 
36 

Butyl oleate, reduction 153 
Butyraldehyde, from crotonaldehyde, 98, 206 
Butyraldehyde, reduction, 97 



C 

Cadmium 

cathode in electroreduction, 24 
Calcium 

electrochemical potential, 25 
reduction of 
benzene, 48, 1 79 

dithioacetals (mercaptoles) 104, 105, 190 
mercaptals, 104, 105, 190 
monothioketals, 130, 131, 194 
Calcium borohydride, 14 
reduction of 
esters, 155, 156, 197 
halo esters, 159, 198 
hydroxy esters, 161, 198 
nitro ketones, 123, 192 
Calcium carbonate, catalyst support, 6, 7 
Cflmp/ior, reduction, 115, 117 
Cannizzaro reaction, 36, 100 
Caprolactam, reduction, 168 



Caprylonitrile, reduction to octylamine, 207 
Carbazole{s), reduction, 57 
Carbocyclic aromatics, reduction, 46-53, 179 
Carbocyclic rings, in aromatic ketones, hydro- 
genation, 1 13 

Carbon-carbon bond cleavage, 39, 126, 160 
Carbon-carbon double bonds 
biochemical reductions, 37 
electroreduction, 41, 775 
reduction with 

alkali metals, 25, 41, 775 
boranes, 22 
diimide, 33, 775 
hydriodic acid, 32 

Carbon-halogen bond, hydrogenolysis, 62, 103, 
122, 123, 757 

Carbon-nitrogen bond, hydrogenolysis, 92-94, 
126, 755 

Carbon-oxygen bond, hydrogenolysis, 9, 94, 
99,130,131, 153,754,755 
Carbon-sulfur bond, hydrogenolysis, 89, 126, 
187 

Carbonyl compounds 
See also Aldehydes, Ketones 
Carbonyl compounds 
by hydrolysis of oximes, 71 
electroreduction, 23 
reduction, 96-136 

reductive coupling, 101, 109, 112, 118, 759, 
797, 215 

stoichiometry in hydride reductions, 18, 19 
Carbonyl group 

reduction to methyl group, 100, 101, 759 
methylene group, 34, 112, 113, 130, 132, 
191 

Carboxylic acids 
from diazo acids, 142, 196 
esters, 148, 150, 151, 797 
keto acids, 143, 144, 196 
olefinic halo adds, 142, 196 
peroxy acids by deoxygenation, 85 
reduction, 136-144, 795 
reduction mechanism, 18 
reduction to 

alcohols, 7-9, 137, 140, 795, 209 
aldehydes, 34, 137, 139, 795 
hydrocarbons, 32, 139, 795 
reduction with 

Grignard reagents, 36 

hydrides and complex hydrides, 22, 137- 

139.795 

hydriodic acid, 32 
reductive amination, 171 
stoichiometry in hydride reductions, 18, 
19 

Carboxylic acids, acetylenic, reduction, 138, 

141.795 

Carboxylic acids, aliphatic, reduction, 137, 

138. 795 

Carboxylic acids, anhydrides. 

See Acid anhydrides 
Carboxylic acids, aromatic, 
from aromatic acetylenic acids, 141, 795 
from aromatic olefinic acids, 140, 795 
from halo acids, 141, 196 
hydrogenation, 139, 140, 795 
partial reduction of rings, 140 
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Carboxylic acids, aromatic — com. 
reduction to alcohols* 139, 195 
aldehydes, 139, 195 
hydrocarbons, 139, 195 
Carboxylic acids, aromatic, acetylenic, reduc- 
tion, 141, 195 

Carboxylic acids, aromatic, olefinic, 
from acetylenic aromatic acids, 141, /Pi 
reduction, 140, 141, /Pi 
Carboxylic acids, chlorides 
See Acyl chlorides 
Carboxylic acids, derivatives 
reduction, 144-175, 196 
Carboxylic acids, disulfidic, reduction, 143, /Pd 
Carboxylic acids, epoxy 
See Epoxy acids 
Carboxylic acids, halo 
See Halo acids 
Carboxylic acids, hydroxy 
See Hydroxy acids 
Carboxylic acids, keto 
See Keto acids 
Carboxylic acids, mercapto 
See Mercapto acids 
Carboxylic acids, nitro 
See Nitro acids 
Carboxylic acids, olefinic 
from olefinic halo acids, 142, 196 
reduction, 138, 140-142, 195, 212 
Carboxylic group 

reduction to methyl group, 139, 195 
Catalytic hydrogenation, 1-13 
See also Hydrogenation 
Catalytic hydrogenation 
activation energy, 4 
activators of catalyst, 5, 10 
amounts of catalysts, 1 1, 12 
by nickel-aluminum alloy, 28 
electroreduction, 24 
hydrogen transfer, 1 3 
electronic effects, 4 

general procedure (Fig. 1), 1-4, 201-205 
heat of reaction, 4, 5, 8, 12, 46 
high-pressure apparatus (Fig. 4), 1,3 
procedure, 13, 203-205 
inhibitors of catalysts, 5, 10 
in reductive amination, 134-136 
low-pressure apparatus, 1, 2 
procedure, 12 , 13, 201, 202 
mechanism, 4 
of alkanes, 39 
alkenes, 39-43 
alkynes, 43-46 
aromatics, 46, 47, 50-53 
heterocycles, 53-62 
reaction rate,. 4, 5-7 
selectivity, 7 
solvents, 5, 1 1 
stereochemistry, 4, 5 

Catalytic hydrogen transfer, 13, 34-36, 206 
Catalytic poisons, 5, 10, 11 
Catecholborane, 121, 191 
Cathodes 

of low overvoltage, 24 
Cerium{IIl)iodide 
preparation, 31 

reduction of bromo ketones, 31 



Chalcone 
reduction, 121 
Charcoal 

catalyst support, 6, 7 
Chiral alcohols 
from aldehydes, 96 
from ketones, 107, 108 
hydrogenolysis, 79 
Chiral boranes 

reduction of acetylenic ketones, 191 
Chiral catalysts \n hydrogenation, 10, 138, 140 
Chiral centers by reduction, 138 
Chiral deuteration of aromatic aldehydes, 100 
Chiral reducing agents, 99, 100, 111 
Chlorides 

See also Halides 

Chlorides, hydrogenolysis, 63, 181 
Chlorination, side-reaction in reduction of 
nitro compounds, 73 
Chlorine 

replacement by hydrogen, 65, 68, 75, 181 
Chloro acids, reduction, 141, /Pd 
Chloroalanes 
reduction of 
alcohols, 77, 78, 184 
amines, 92, 188 
ketones, 107, 108, 191 
Chloroalkanes, reduction, 63, 181 
Chlorobenzene, reduction, 68 
Chloro esters, reduction, 1 59, 198 
Chloro ketones, reduction, 32, 123, 192 
Chloronitronaphthalene, reduction, 216 
Chlorooctane, recuction, 63 
Chloroplatinic acid, 5, 6, 47, 202 
Chloropyridines, reduction, 68 
Chlorotetrafluorocyclobutene, reduction, 67 
Chlorotributylstannane, reduction to tributyl- 
stannane, 16 

Chlorotriethylsilane, reduction to triethylsi- 
lane, 16 

Chloro trime thy Isilane, reaction with sodium 
iodide, 32 

Chlorotriphenylstannane, reduction, 1 6 
Cholestanol, from cholestanone, 117 
Cholestanone, reduction, 117 
Cholestene, from halocholestanones, 123 
Chromane, reduction with lithium, 53 
Chromium dichloride 
See Chromous chloride 
Chromium oxides 
hydrogenation catalyst, 4, 9 
hydrogenation of 
acids, 137, 195 
esters, 153, 154, 197 
Chromous acetate 
reduction with, 30 
Chromous chloride, 30, 128 
deoxygenation of 
amine oxides, 95, 188 
epoxides, 83, 186 
sulfoxides, 88, 187 
preparation, 214 
reduction of 
amine oxides, 95 
enediones, 128, 193 
epoxy ketones, 126, 193 
esters, 150, 151, /P7 
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Chromous chloride — cont. 
reduction of— cont. 
halo ketones, 123 , 192 
imidoyl chlorides, 172, 200 
iodo ketones, 123, 214 
nitro compounds, 70 , 182 
nitroso amines, 93 
quinones, 129 , 193 
Chromous sulfate, 30 
reduction of 

acetylenic acids, 141 , 195 
acetylenic alcohols, 78 , 184 
alkyl halides, 64 , 181 
geminal dihalides, 64 , 181 
halides, 66 , 181 
olefinic acids, 138 , 195 
olefinic esters, 157 , 197 
phenylacetylene, 50 , 179 
Cinnamaldehyde, reduction, 101, 102 
Cinnamaldehyde tosylhydrazone, reduction, 
106 

Cinnamic acid, reduction, 140, 212 
Cinnamyl acetate, from cinnamaldehyde di- 
acetate, 105 
Cinnamyl alcohol 
from alkyl cinnamates, 158 
from cinnamaldehyde, 102 
reduction, 80 
Cinnolines, reduction, 60 
Cis-addition of hydrogen, 11,13 
Cis~Alkenes 

by hydrogenation of alkynes, 7, 9, 43-45 
Cis-Cycloalkenes, by reduction of cycloal- 
kynes, 44, 45 

Cis~products in catalytic hydrogenation, 4 
Cis-trans-isomerism, 4 
Claisen condensation, side reaction, 152 
Cleavage of 
alcohols, 77 , 184 
amines, 92 , 188 
azo compounds, 95, 96 , 188 
benzyloxycarbonyl amides, 1 5 1 
benzyloxycarbonyl esters, 151 
esters, 148-154 , 197 
ethers, 81-83 , 185 
hydrazo compounds, 95, 96 , 188 
sulfones and sulfoxides, 88 , 187 
Clemmensen reduction, 28, 29 
mechanism, 28 
of acyloins, 1 26 
aliphatic aldehydes, 97 
aliphatic ketones, 108 
alkyl pyridyl ketones, 1 1 1 
aromatic aldehydes, 101, 102 
aromatic ketones, 1 13, 213 
cyclic ketones, 118, 119 
diketones, 127, 128 
heterocyclic ketones, 118 
keto acids, 143, 144 
keto esters, 162 
keto sulfones, 126 
olefinic ketones, 120, 121 
Clostridium kluyveri, reduction of halo acids, 
142 

Cobalt, hydrogenation activation energy, 4 
Cobalt hydrocarbonyl, hydrogenation of ole- 
finic aldehydes, 98 , 189 



Cobalt polysulfide, hydrogenation of thio- 
phene, 53 

Cobalt sulfides, hydrogenation catalyst, 4, 9 
hydrogenation of thiophene, 53, 180 
Complex aluminum hydrides, 14-20 
Complex borohydrides, 14-20 
reductive amination, 134-136 
Complex hydrides 
analysis, 19 
handling, 20-22 

isolation of products of reduction, 21, 22 
nomenclature, 17 
reducing agents, 13-20 
solubilities, 21 

stoichiometry in reductions, 19 
toxicity, 21 

Condensed aromatics, reduction, 50-53 
Conjugated double bonds 
See also Double Bonds 
Conjugated double bonds, reduction 
in unsaturated aldehydes, 98 
metals, 42 

sodium amalgam, 27 
with hydrides and complex hydrides, 22 
triethylammonium formate, 36 
Copper 

catalyst in hydrogen transfer, 36 
cathode in electroreduction, 24 
hydrogenation catalyst, 4, 9 
hydrogenation of 
acids, 137 

nitro compounds, 74 

Copper chloride, reduction to copper hydride, 
16 

Copper borohydride, preparation, 1 6 
Copper chromite 
hydrogenation catalyst, 9 
hydrogenation of 
acids, 137, 139 , 195 
acyloins, 125 , 193 
alcohols, 77 , 184 
aliphatic ketones, 107, 108 , 191 
amides, 166, 167, 169 , 199 
aromatic acids, 140 , 195 
aldehydes, 99, 100 , 189 
ketones, 110-112 , 191 
rings, 47, 179, 180 
benzylic alcohols, 79 , 184 
carbazole, 57 

cyclic acid anhydrides, 146, 147 , 196 
cyclic ethers, S\, 185 
diols, 77 , 184 

double bonds in unsaturated acids, 140, 
195 

esters, 153, 154 , 197 
furan ring, 53 

heterocyclic rings in aromatic ketones, 1 1 3 
hydroxy esters, 160 , 198 
hydroxy ketones, 125 , 193 
imides, 168 , 199 
indole, 56, 57, 180 
ketones, 107-111 , 191 
naphthalene, 50 , 179 
naphthols, 80 
nitro compounds, 73 , 182 
olefinic ketones, 121, 191 
esters, 156-158 , 197 
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Copper chromite —cont. 
hydrogenation of^—cont. 
organometallics, 176 
phenanthrene, 52, 53, 179 
pyridine, 54, 180 
pyrrole(s), 53, 54, 180 
quinoline, 58, 180 
tetrahydrofuran ring, 81 
Copper hydride 

complex with triphenylphosphine, 16 
reduction of 
acyl chlorides, 145, 196 
olefinic ketones, 120, 191 
olefinic nitriles, 175, 200 
Copper oxide 

catalyst in decomposition of diazo com- 
pounds, 124 

hydrogenation catalyst, 4, 9 
Copper oxides 

hydrogenation of esters, 153, 154 
Copper, Raney, 9 
Correlation tables, 177-200 
Cottonseed oil, hydrogenation, 12 
Coumarin, reduction, 1 58 
Coupling of 

aldehydes to alkenes, 101, 759 
benzylic alcohols, 79, 184 
ketones to alkenes, 109, 112, 118, 191 
Crotonaldehyde, reduction, 98, 206 
Crotonaldehyde tosylhydrazone, reduction, 106 
Crotyl alcohol, from crotonaldehyde, 98 
Cryptococcus macerans, 
biochemical reduction, 1 1 1 
reduction of cyclic ketones, 1 1 7 
diketones, 218 
Cupric chloride, 
catalyst in desulfurization, 86 
in reductions of halides, 66 
of sulfones, 89 

Cuprous bromide, preparation of copper hy- 
dride, 120, 175 

Cuprous tert-butoxide, catalyst in reduction of 
alkynes, 44 
Cuprous iodide 

catalyst in reductions, 44, 63, 64 
preparation of copper hydride, 120 
Cuprous oxide 

catalyst of hydrogen transfer, 35 
Current density, 25 
Current yield, 25 

Curvularia falcata, biochemical reduction 
with, 218 

Cyanide, catalyst inhibitor, 10 
Cyanogen bromide, reaction with phenols, 79 
Cyclic anhydrides, rQd\ic\\on, 146, 147, 196 
ethers, from lactones, 150, 197 
ketones, reduction, 113-119 
sulfides, desulfurization, 87 
sulfones, reduction, 89 
Cycloalkadienes, reduction, 42 
Cycloalkanes, from cyclic ketones, 1 1 8 
Cycloalkenes, by deoxygenation and coupling 
of diketones, 128 
electroreduction, 41 
hydrogenation, 39-41 
reduction with diimide, 42 
lithium, 41 



Cycloalkenes — cont, 
reduction with 
sodium, 41 

Cycloalkynes, reduction to cycloalkenes, 43- 
45 

Cyclobutane, hydrogenolysis, 39 
Cyclodecane, from hydroxycyclodecanone, 
125 

Cyclodecanediol, from hydroxycyclodeca- 
none, 125 

Cyclodecanone from hydroxycyclodecanone, 
125 

Cyclohexadiene, hydrogen donor in hydrogen 
transfer, 13, 151, 779, 797, 206 
Cyclohexadienes, by reduction of benzene 
homologs, 48 
Cyclohexane 

from benzene, 46, 48, 779 
cyclohexanone, 118, 131 
solvent in hydrogenation, 1 1 
Cyclohexanol 

from cyclohexene oxide, 84 
cyclohexenylhydroperoxide, 85 
Cyclohexanone, 
reduction, 118, 131 
reductive amination, 1 36 
Cyclohexanone diisopropyl ketal, reduction, 
131 

Cyclohexanone ethylene dithioketal, desulfuri- 
zation, 131 

Cyclohexanone ethylene mercaptole, desulfuri- 
zation, 131 

Cyclohexanone ethylene monothioketal, reduc- 
tion, 131 

Cyclohexanone oxime 
from nitrocyclohexane, 70 
reduction, 133 
Cyclohexene 
from anisole, 82 
benzene with metals, 48, 779 
cyclohexene oxide, 84 
cyclohexene sulfide, 87 
hydrogen donor, 13, 151, 755 
hydrogen donor in hydrogenolysis of benzyl 
esters, 151 

Cyclohexene oxide, reduction 84 
Cyclohexenol, from cyclohexenyl hydroperox- 
ide, 85 

Cyclohexenones, reduciion, 121 
Cyclohexene sulfide, desulfurization, 87 
Cyclohexenyl hydroperoxide, reduction, 85 
Cyclohexylamine 
from cyclohexanone, 136 
cyclohexanone oxime, 1 33 
nitrobenzene, 72 

Cyclohexyldimethylamine, from cyclohexan- 
one, 136 

Cyclohexylethanediol, from ethyl mandelate, 
154 

Cyclohexylethanol, from ethyl mandelate, 
154 

Cyclohexyl ethyl sulfide, from cyclohexanone 
ethylene monothioketal, 131 
Cyclohexyl hydroxyethyl sulfide, from cyclo- 
hexanone ethylene monothioketal, 131 
Cyclohexylidenecyclohexane, from cyclohex- 
anone, 1 1 8 
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Cyclohexyl isopropyl ether, from cyclohexan- 
one diisopropyl ketal, 131 
Cyclohexyl mercaptoethyl ether, from cyclo- 
hexanone ethylene monothioketal, 1 3 1 
Cyclohexylmethylamine, from cyclohexanone, 
136 

Cyclohexylmethylcarbinol, from methylphenyl- 
carbinol, 79 

Cyclohexylpropylamine, from cyclohexanone, 
136 

Cyclohexylpyrrolidifte, from phenylpyrrole, 54 
1 ,5-Cyclooctadiene, reaction with boranes, 15, 
16 

Cyclopentane, hydrogenolysis, 39 
Cyclyopentenones, reduction, 121 
Cyclopropane, hydrogenolysis, 39 
Cyclopropane ring, cleavage by lithium alu- 
minum hydride, 105 

Cyclopropanes, intermediates in reduction of 
diketones, 127 

in Wolff-Kizhner reductions, 102 
Cyclopropyl benzaldimine, reduction, 105 
Cyclopropylbenzylamine, from cyclopropyl- 
benzaldimine, 105 
p-Cymene, from ascaridole, 85 



D 

Deactivation of Raney nickel, 205 
Deactivators of catalysts, 5, 10, 11 
Decahydroisoquinolines, from isoquinoline, 58, 
180 

Decahydronaphthalenes, from naphthalene, 
50, 51,779 

Decahydroquinolines, from quinoline, 58 , 180 

Decahydroquinoxaline, 61 

Decalins, from naphthalene, 50, 51, 779 

Decanal, reduction, 97 

Decane 

fromdecanol, 106 
decanone, 108 
Decanol, from decanal, 97 
Decanone, reduction, 108 
Dehalogenation of vicinal dihalides, 65 
Dehydration of 
allylic alcohols, 78 
benzylic alcohols, 79 
Dehydroquinolizinium salts, reduction, 58 
Deoxybenzoin, from benzoin, 127, 131, 216 
Deoxygenation 
See also Reduction 
Deoxygenation of 
amine oxides, 94, 95 
aromatic ketones, 1 12 
cyclic ketones, 118, 119 
diketones, 128 
epoxides, 83, 84 
ketones, 109 
peroxides, 85 
quinones, 129 
sulfoxides, 88 

Desoxy benzoin, from benzil, 127, 131, 216 
Desulfurization of 
disulfides, 87 , 187 
dithio esters, 164 , 198 



Desulfurization of — cont. 
dithioketals, 108, 130, 131 , 194 
keto ester mercaptoles, 162 , 198 
mercaptals, 97, 104, 105 , 190 
mercaptoles, 130, 131 , 194 
sulfides, 86, 87 , 187 
thioamides, 171, 172, 200 
thioketal esters, 162 , 198 
thiol esters, 164 , 198 
with Raney nickel, 8, 205 
trialkyl phosphites, 217 
Desyl phenyl sulfide, 
from benzil diphenylmercaptole, 131 
Deuteration, 10 

Deuterium, addition to alkenes, 33 
Deuteroalanes, reduction of epoxides, 84 
Deuteroaldehydes, reduction, 96 
Deuterobenzyl-l-d alcohol, from benzalde- 
hyde-l-d, 100 

Deuterodiborane, deuteration of cycloalkynes, 
44 

Diacetates of aldehydes 
See Aldehyde diacetates 
Diacetylenes, reduction, 45, 46 
Dialdehydes, reduction, 103 
Dialkoxyalane, reduction of unsaturated 
ketones, 120, 121 , 191 

Dialky Icarbodiimide, reaction with alcohols, 
77 

phenols, 79 

Dialkyl dithiophosphoric acid, reduction of azo 
compounds, 96 

Dialkylstannanes, reduction of ketones, 191 
Dialkyl sulfoxides, deoxygenation to sulfides, 
88 , 187 
Diamines, 

from nitro amides, 170, 799 
nitro azides, 183 

Diamino compounds, from nitro amides, 170, 
199 

Diaminocyclohexane, from dinitrocyclohex- 
ane, 69 

Di{sec~amyl)borane, 16 
reduction of alkynes, 44 , 178 
cyclic ketones, 1 14 

Diaphragm, in electroreduction, 24, 25 
Diarylalkenes 

from aromatic ketones, 1 12 , 191 
Diaryl sulfoxides 
deoxygenation to sulfides, 88 
Diazene 
See Diimide 
Diazines 

See Pyridazine, Pyrimidine or Pyrazine 
Diazoacetophenone, reduction, 1 24 
Diazo acids, reduction to acids, 142 , 196 
Diazo compounds, reduction, 69, 75, 76 
Diazo esters, reduction, 160 , 198 
Diazoketones, reduction, 32, 124, 125, 792 
Diazonium group, replacement by hydrogen, 
31,35,75, 76, 142, 183, 217 
Diazonium compounds, reduction with 
ethanol, 75, 76 , 183 
formaldehyde, 36 

hypophosphorous acid, 35, 75, 183, 217 
sodium borohydride, 75 , 183 
sodium stannite, 75 , 183 
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Diazonium compounds, reduction with~cont. 
sodium sulfite, 33, 76, 183 
stannous chloride, 30, 76, 183 
triaminophosphine, 75, 183 
zinc, 76, 183 
Dibal-H^ 

See Diisobutylalane 
Dibenzyl, from benzil, 1 27 
Dibenzylamine, from benzaldehyde, 135 
Dibenzyl 4-methoxycarbonyb3~indolyl- 

methylacetamidomalonate, reduction, 

150 

Dibenzyl octyloctanoylmalonate, reduction, 

151 

Dibenzyl sulfide, from dibenzyl sulfoxide, 88 
Dibenzyl sulfoxide, 

deoxygenation, reduction, 88 
Diborane 

See also Borane 
Diborane 
handling, 20 
ignition, 20 
preparation, 14 
reduction of 
aromatic acids, 139, 195 
cyclic ketones, 1 14 
oxime esters, 133 
oxime ethers, 1 33 
oximes, 133 
synthesis, 14 

Dibromochlorotrifiuorethane, reduction, 216 
Dibromo-2,2-dimethyl-l-phenylpropane, 
reduction, 65 

Dibromonorcarane, reduction, 64 
Di{tert‘butoxy)alane 
reduction of unsaturated ketones, 121 
Dibutylstannane 
reduction of 
aliphatic ketones, 107 
alkyl halides, 63, 64 
synthesis, 16 

Dicarboxylic acids, anhydrides, 
reductions, 146, 147 
Dicarboxylic esters, reduction, 163, 198 
Dichloroalane 
reduction of 

aliphatic ketones, 107, 191 
enamines, 92, 188 

Dichloro-2,2-dimethybl-phenylpropane, reduc- 
tion, 65 

Dichloropentane, from tetrachloropentane, 
65 

Dicobalt octacarbonyl, hydrogenation of thio- 
phene, 53 

Dicyclohexylamine, from cyclohexanone, 1 36 
Dicyclohexylborane, reduction of cyclic 
ketones, 1 14 

Dicyclohexylcarbodiimide, in reduction of al- 
cohols, 77 

Dicyclohexyldiol, from cyclohexanone, 1 1 8 
Dienes and polyenes, reduction, 42, 43, 1 78 
Diethoxyaluminum hydride, reduction of pyri- 
dones, 170 

Di(eihoxycarbonyl)dimethyipyrrole, reduc- 
tion, 153 

Diethyl acetamidomalonate, from diethyl oxi- 
minomalonate, 163 



Diethylacetylene, reduction to diethyl ethy- 
lene, 44 

Diethylamine, reaction with arylcyanates, 79 
Diethyl aminomalonate, from diethyl oximi- 
nomalonate, 163 

Diethyl dithiophosphoric acid, reduction of azo 
compounds, 188 

Diethyl ether, peroxides, removal, 85 
Diethyl fumarate, reduction to butenediol, 208 
Diethylmagnesium, conversion to magnesium 
hydride, 1 5, 44 

Diethyl oximinomalonate, reduction, 163 
Diethyl phosphite, reducing agent, 35 
Diethyl sodium phosphite, 83 
Difiuoromaleic acid, reduction, 142 
Difluorosuccinic acid, from difiuoromaleic 
acid, 142 

Dihalides, geminal 
See Alkylidene halides 
Dihalides, vicinal, 
dehalogenation to alkenes, 65, 181 
reduction to hydrocarbons, 64, 65, 181 
Dihydroacridine, from acridine, 59 
Dihydroanisole, from anisole, 82 
Dihydroanthracene, from anthracene, 51, 779 
Dihydrobenzenes, from benzene by reduction, 
48, 179 

Dihydrobenzoic acids, from benzoic acids, 
140 

Dihydrocarbazole, by reduction with sodium, 
57 

Dihydrocoumarin, from coumarin, 1 58 
Dihydroindole, from indole, 57, 180 
Dihydroisophorone, reduction, 1 16 
Dihydroisopropylbenzene, from isopropylben- 
zene, 210 

Dihydromethylcinnoline, from methylcinno- 
line, 60 

Dihydronaphthalenes, from naphthalene, 26, 
50, 51,779 

Dihydro~(x-naphthol, from a-naphthol, 211 
Dihydronopol, from nopol, 78 
Dihydrophenanthrene, from phenanthrene, 50, 
179 

Dihydrophenazine, from phenazine, 62 
Dihydrophthalazine, from phthalazine, 61 
Dihydropyran, reduction, 82 
Dihydropyrazole{s) 

^e Pyrazoline{s) 

Dihydropyridines, from pyridine, 55, 180 
Dihydropyrrole, from pyrrole, 54, 180 
Dihydroquinazoline, from quinazoline, 61 
Dihydroquinoline, from quinoline, 58, 180 
Dihydrosorbic acid, from sorbic acid, 1 38 
Dihydroxydimethylcyclopropane, from acety- 
lacetone, 127 

Dihydroxymethylphenylcyclopropane, 1 27 
Diimide 

preparation, 34, 95 
reducing agent, 33 

reduction of alkenes and cycloalkenes, 33, 
41,42,775 
alkynes, 50, 178 
azo compounds, 95, 96, 188 
benzene and homologs, 48, 49, 779 
dienes, 42, 178 
phenylacetylene, 50, 779 
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Diiodo-2,2-dimethyl- 1 -phenylpropane, reduc- 
tion, 65 

Diisobutylalane, 15-17 
reduction of alkynes, 44 , 178 
esters, 149 , 197 
keto esters, 162 
lactones, 150 , 197 
nitriles, 173, 200 
olefinic esters, 1 57, 208 
olefinic ketones, 120 , 191 
sulfones, 88, 7<?7 
synthesis, 15, 16 
Diisobutylaluminum hydride 
See Diisobutylalane 

Diisopinocampheylborane, pTCpSiTSLtion, 15, 16 
reduction of aliphatic ketones, 107, 108 
cyclic ketones, 114 

Diisopropyl carbinol, reduction of aldehydes, 
97 

Diisopropyl ether, peroxides, removal, 85 
Diketones 

biochemical reduction, 218 
from enediones, 30 , 193 
olefinic ketones, 121 , 191 
reduction to acyloins, 35, 216 
diols biochemically, 218 
hydrocarbons, 127, 128 , 193 
hydroxy ketones, 126, 127 , 193 
ketones, 127, 193, 216 
reductive coupling to cycloalkenes, 128 , 193 
Diketones, olefinic 
See Enediones 

4-Dimethylamino-3-methyl,-l,2-diphenyl-2- 
butanol, 122 

Dime thy Ibenzamide, reduction, 1 65, 1 66 
Dimethylbutanol, from pinacolone, 108 
Dimethylbutanone, reduction, 108 
2,3-Dimethyl-2-butene 
hydrogenation heat, 5 
hydrogenation rate, 5 

Dimethylcyclodocosene, from tetracosane- 
dione, 128 

Dimethylcyclohexanes, from dimethylcyclo- 
hexenes, 40 

Dime thy Icy clohexenes, hydrogenation, 40 
Dimethyl eicosanedioate, acyloin condensa- 
tion, 1 52 

Dimethylformamide 
solvent in reductions 
with chromous salts, 30 
with zinc, 28 

2,2‘Dimethyl-Dphenylpropane, from dihalo- 
2,2-dimethyl-l-phenylpropane, 65 
Dimethylpyrrolidines, from methylketopiperi- 
dine, 1 19 

Dimethyl sulfide, complex with borane, 1 4 
reducing agent, 32 
reduction of ozonides, 86 , 186 
Dinitroacetanilide, reduction, 74 
Dinitroaniline, reduction, 74 
Dinitroanisole, reduction, 74 
Dinitrobenzaldehyde, reduction, 74, 214 
Dinitrobenzene 
reduction to nitroaniline, 213 
Dinitro compounds, reduction to amino nitro 
compounds, 74, 213 
Dinitrocyclohexane, reduction, 69 



Dinitrodimethylaniline, reduction, 74 
Dinitro-N^methylaniline, reduction, 74 
Dinitrophenol, reduction, 74 
Dinitrotoluene, reduction, 74 
Diols 

conversion to alkenes, 77, 184 
from acyloins, 125, 193 
cyclic acid anhydrides, 147, 196 
diketones, biochemically, 218 
hydroxy esters, 1 25 , 198 
hydroxy ketones, 1 5 , 193 
lactones, 152, 154 , 197 
in hydrogenolysis of furan rings, 80 
reduction to alcohols, 77 
Diols, olefinic, from olefinic peroxides, 84, 85 
quinones, 129 , 193 
Dioxane, peroxides, removal, 85 
Dioxane, solvent in hydrogenation, 1 1 
Diphenyl, reduction, 47, 48 
Diphenylacetonitrile, reduction, 208 
Diphenylacetylene, reduction, 50 
Diphenylaziridine, from azidoiodobibenzyl, 76 
Diphenylaziridinecarboxamide, from diphenyl- 
azirinecarboxamide, 132 
Diphenylazirinecarboxamide, reduction, 132 
2,3-Diphenylbutane, from methylphenylcar- 
binol, 79 

Diphenylbutanediol, from acetophenone, 212 
Diphenylbutanedione, reduction, 127 
Diphenylcyclobutene, from diphenylbutane- 
dione, 128 

Diphenyldichlorostannane, reduction to di- 
phenylstannane, 16 

Diphenyle thane, from diphenylacetylene, 50 
Diphenylethylamine, from diphenylacetoni- 
trile, 208 

Diphenylethylene, from diphenylacetylene, 50 
Diphenylmethane, from benzophenone, 1 12 
Diphenylpiperazine, from diazoacetophenone, 
124 

Diphenylpropanone, from benzalacetophen- 
one, 121 

Diphenylpropenol, from benzalacetophenone, 
121 

Diphenylstannane 

from diphenyldichlorostannane, 1 6 
reduction of 
aliphatic ketones, 107 
alkyl halides, 64 

aromatic aldehydes, 98, 100, 102 , 189 
ketones, 110, 121, 797 
synthesis, 16 
Diphenyltin hydride 

Diphenylstannane, 16 
Diphosphine-rhodium, chiral catalyst, 140 
B-Di-3-pinanylborane,piQp2iT2d\on, 15, 16 
Dipyridyl. biochemical reduction, 218 
Dipyridylethanediol, from pyridil, 218 
Disiamylborane 
See Di{sec-amyl)borane 
Disodium azodicar boxy late, source of diimide, 
42 

Dissolving metals 
See individual metals 
Dissolving metals, 
mechanism of reduction, 23, 24 
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dissolving metals — cont. 
reduction of 

alkenes and cycloalkenes, 41 
benzene, 48 

condensed aromatics, 50, 51, 779 
double bonds inside chains, 49 , 179 
stereochemistry of reduction, 23, 24 
Disulfides 

desulfurization, 87 , 187 
from sulfinic acids, 35, 89 , 187 
sulfinyl chlorides, 89 , 187 
reduction, 87, 88 , 187 
to mercaptans, 86, 87 , 187 
sulfides, 35, 87 , 187 

stoichiometry in hydride reductions, 19 
Dithiocetals 

See Mercaptals, Mercaptoles 
Dithio esters, desulfurization, 164 , 198 
Dithioketals 
See Mercaptoles 
Dithiolanes, cleavage, 87 
Di-p-tolyl disulfide 
desulfurization, 87 
from p-toluenesulfinic acid, 89 
di-|^tolylsulfoxide sulfone, 89 
sodium toluenesulfinate, 89 
Di-p-tolyl sulfide, from di-p-tolyl sulfide sul- 
fone, 89 

Di-p-tolyl sulfide sulfone, reduction, 89 
Di-p-tolyl sulfone, desulfurization, 87 
Di-p-tolyl sulfoxide, desulfurization, 87 
Di-p-tolyl sulfoxide sulfone, reduction, 89 
Divalent chromium salts, preparation, 30 
Divalent sulfur in hydrogenation, 151 
Dodecahydroacridine, from acridine, 59 
Dodecahydrocarbazole, from carbazole, 57 
Dodecahydrophenanthrene, from phenan- 
threne, 52 

Dodecanal, reduction, 106 
Dodecane, from dodecanal, 106 
Double bonds 

by reduction of triple bonds, 78 
Double bonds, conjugated 
hydrogenation, 7, 70, 7 1 
shift, in reductions, 78, 121 
Double bonds, reduction 
See compounds, olefinic 



E 

Electrochemical potentials, 25 
Electrolytes in electroreduction, 24 
Electrolytic cell (Fig. 5), 24, 25, 210, 211 
Electrolytic reduction 
See Electroreduction 

Electronic effects in catalytic hydrogenation, 4 
Electrophiles, alanes and boranes, 19 
Electroreduction, 22-25, 137, 210 , 211 
of acids, 137, 139, 141 , 195 
aldehydes, 98, lOl, 102 , 189 
alkenes, 41, 775 
alkynes, 45 , 178 
amides, 165-169 , 199 
aromatic hydrocarbons, 48-50 , 179 
benzene, 48, 779 

carbocyclic aromatics, 48-50, 779 



Electroreduction of— cont. 
diazines, 60 

double bonds in side chains, 49, 50, 779 
geminal dihalides, 64 , 181 
halides, mechanism, 24 
heterocyclic aromatics, 53-58, 779 
imides, 168, 169 , 199 
ketones, 108, 120, 121, 797 
keto steroids, 118 
lactams, 168, 169 , 199 
nitro amines, 94 , 188 
nitro compounds, 72 , 182 
phenylacetylene, 45 , 179 
phthalazines, 61 
pyridine, 55, 56, 180 
quaternary ammonium salts, 56, 93 , 188 
styrene, 49, 50, 779 
thioamides, 171 , 200 
trigeminal halides, 64, 65 
triple bonds in side chains, 49, 50 , 179 
Electroreduction mechamism, stereochemistry, 
23, 24 

Enamine-imine shift, 55 
Enamines 

from olefinic azides, 76 , 183 
reduction, 92 

to amines, 36, 92, 188, 210 
hydrocarbons, 92 , 188 
Enanthal, reduction, 97 
NB-Enanthrane, 15, 16, 122 
reduction of acetylenic ketones, 122 
Enantiomeric excess in reduction of 
acetophenone, 1 1 1 
acetylenic ketones, 122 
aromatic aldehydes, 99, 100 
olefinic acids, 138 
Endoperoxides, reduction, 84, 85 
Endoperoxomen thane 
from ascaridole, 85 
Enediones 

reduction to diketones, 128 , 193 
ketones, 1 19, 797 

Epimers in steroids by reduction, 115, 117 
Epoxides 

deoxygenation to alkenes, 83, 84 , 186 
from dialdehydes, 35 
reduction, 83, 84 , 186 
steroidal, deoxygenation, 83 
stoichiometry in hydride reductions, 18, 19 
terpenic, deoxygenation, 83 
Epoxy acids, reduction, 14^ 196 
Epoxy cyclohexane, reduction, 84 
Epoxy ketones, reduction, 126 , 193 
Epoxypentane, reduction, 84 
Erythro-Forms 

from trans-compounds by electroreduction 
or reduction with metals, 24 
Eschweiler reaction, 36, 136 
Ester acids 

reduction to acid-alcohols, 1 63, 795 
reduction to ester alcohols, 163, 795 
Ester alcohols 

See Hydroxy esters, 198 
Ester amides, reducuon, 170, 171 , 199 
Ester derivatives, reduction, 159-164, 795 
Ester hydrazines, from diazo esters, 160, 795 
Ester hydrazones, from diazo esters, 160, 795 




282 



Subject Index 



Ester mercaptoles, desulfurization, 162, 198 
Esters 

acyloin condensation, 151, 152, 197 
by-products in reduction of carboxylic 
acids, 137 

from acetylenic esters, 159, 197 
aldehyde diacetates, 103, 190 
halo esters, 159, 198 
keto esters, 162, 198 
olefinic esters, 157, 158, 197 
peroxy esters, 85 
reduction mechanism, 148, 153 
reduction to acids, 148, 150, 151, 197 
acyloins, 148, 151, 152, 197 
alcohols, 7, 8, 148, 152-156, 797, 209 
aldehydes, 148, 149, 197 
ethers, 148-150, 197 
hydrocarbons, 148, 150, 151, 797 
stoichiometry in hydride reductions, 18, 19 
Esters^ acetylenic, reduction, 1 59, 797 
amino, reduction, 161, 198 
ethylenic, from acetylenic, 159, 797 
halogenated, reduction, 159, 198 
hydroxy, reduction, 161-163, 198 
keto, reduction, 161-163, 198 
olefinic, reduction, 153, 155-158, 797, 208 
ortho, reduction, 163, 198 
oximino, reduction, 163, 198 
steroidal, reduction, 149 
Ethane, from acetylene, by catalytic hydrogen- 
ation, 1 

Ethanedithiol, preparation of mercaptoles, 131 
Ethanol 

proton donor, in reductions with metals, 26, 
45 

reducing agent, 35 
reduction of aldehydes, 102 
diazo ketones to ketones, 124, 125, 192 
diazonium acids, 142, 196 
diazonium compounds, 75, 76, 142, 183 
nitrodiazonium compounds, 75, 183 
solvent in hydrogenation, 1 1 
Ether, solvent in hydrogenation, 1 1 
Ethers 

from aldehyde acetals, 103, 104, 190 
esters, 148-150, 797 
ketals, 130, 131, 194 
monothioketals, 130, 131 
peroxides, 85, 186 
reduction of, 81-83, 185 
alkyl aryl, 82, 83, 185 
allylic, 82, 185 
aromatic, 82, 85 

benzylic, hydrogenolysis, 82, 103, 185 
dihydroaromatic, ethers, 82, 185 
Ethers, cyclic 

from lactones, 1 50, 797 
hydrogenolysis, 81, 185 
Ethers, mercapto, from monothioacetals, 104, 
105, 190 

Ethers, tetrahydroaromatic, 82, 185 
tetrahydrofuranyl, reduction, 104 
tetrahydropyranyl, reduction to 
alkyl hydroxy alkyl ethers, 104 
Ethers, vinylic, reduction, 82, 185 
EthoxycarbonyltrimethylpyrroleiromdxctYioxy- 
carbonyldimethylpyrrole, 153 



Ethyl acetate 

decomposition of lithium aluminum hy- 
dride, 22 
Ethylamine 

solvent of alkali metals, 26, 48 
Ethylaminoethylbenzene, from acetophenone, 
136 

Ethylammonium formate 

reduction of ketones to amines, 218 
N-Ethylaniline, proton donor in reduction 
with metals, 43 
Ethylbenzene 

from acetophenone, 1 10, 213 
l-bromo-2-phenylethane, 210 
methylphenylcarbinol, 79 
phenylacetaldehyde mercaptal, 105 
phenylacetylene, 49, 779 
styrene, 49, 779 
Ethyl benzoate, reduction, 1 56 
Ethyl tert-butylmethyl cyclohexanonecarboxy- 
late, reduction, 161 
Ethyl cinnamate, reduction, 1 58 
Ethylcyclohexane, from acetophenone, 109 
Ethylcyclohexanone oxime, reduction, 133 
Ethyl cyclohexylacetate, from ethyl mandelate, 
154 

Ethylcyclohexylamine, from ethylcyclohexan- 
one oxime, 133 

Ethyl diazoacetate, reduction, 160 
Ethylene 

from acetylene by catalytic hydrogenation, 
1 

Ethylenediamine 
solvent for lithium, 48 
alkali metals, 26 

Ethylene dithioketals, redueixon, 130, 131 
Ethylene mercaptoles, reduction, 130, 131 
Ethylene monothioketals, reduction, 130, 131 
Ethyl glyoxylate, 160 

Ethyl glyoxylate hydrazone, from ethyl diazo- 
acetate, 160 

Ethyl hydrazinoacetate, from diazoacetate, 
160 

Ethyl hydrocinnamate, from ethyl cinnamate, 
158 

Ethyl 6-hydroxyhexanoate, from monoethyl 
adipate, 209 
Ethyl hypophosphite 
reduction of 
sulfinic acids, 89 
sulfinyl chlorides, 89 
sulfonyl chlorides, 89 

Ethylidencyclohexane, from vinylcyclohex- 
anol, 78 

N-Ethylindoline from indole, 57 
Ethyl mandelate, reduction, 1 54 
Ethyl morpholinobutyrate, from ethyl mor- 
pholinocrotonate, 210 
Ethyl morpholinocrotonate, reduction, 210 
Ethyl oleate, reduction, 1 53 
Ethylphenethylamine, from acetophenone, 218 
Ethyl phosphite 

desulfurization of mercaptans, 86, 87, 187 
reducing agent, 35 

reduction of sulfinic acids to disulfides, 89, 
187 

Ethyl thiolbenzoate, desulfurization, 1 64, 205 




Subject Index 283 

Explosion Glycols 

of borane-THF complex, 14 See Diols 

in handling hydrides and complex hydrides, Grignard reagents 

20 reduction of aromatic ketones, 1 10 

of halides, 27 



F 

Ferric chloride 

catalyst activator, 5 

in hydrogenation of aromatic aldehydes, 99 
reduction of aldehydes, 96-98 
reductions with iron, 73 
Ferromagnetic catalysts^ Raney nickel, 8 
Ferrous sulfate 

catalyst activator, 10 

in reductions with iron, 29, 73 
reduction of nitro aldehydes, 103, 190 
nitro compounds to amines, 31, 73, 182 
removal of peroxides from ethers, 85 
Filtration^ in catalytic hydrogenations, 12 
Fire hazard 

in catalytic hydrogenation, 13 
handling hydrides and complex hydrides, 
20 

Fluorene 

proton donor in reduction with metals, 43 
Fluorides 

See also Halides 
Fluorides, reduction, 63 
Fluorine, hydrogenolysis, 66-68, 81, 159 
Fluoroalkanes, reduction, 63 
Fluor obenzene, reduction, 68 
Fluorosuccinic acid, from difluoromaleic acid, 
142 

Formaldehyde 
reduction of 

aromatic aldehydes, 100, 189 
aromatic ketones, 110, 191 
reductive amination, 36, 134, 136 
Formic acid 

hydrogen donor, in catalytic hydrogen 
transfer, 13, 73 
properties, 36 

reduction of aromatic aldehydes, 100, 189 
enamines, 92, 188 
ketimines, 132 
ketoximes, 133 
nitriles, 173 

nitro compounds, 71, 73, 74, 182 
pyridine, 56, 180 
pyridinium salts, 56 
reductive amination, 134-136 
solvent for reduction with zinc, 29 
Furan, reduction, 53, 80, 180 



G 

Geminal halides 
from trigeminal halides, 32, 65 
reduction, 32, 33, 35, 64, 181 
Glucose 

in biochemical reduction, 218 

reducing agent, 36 

reduction of nitroketones, 124, 192 



H 

Half-hydrogenation times, 39, 40 
Halides 

See also Bromides, Chlorides, Fluorides and 
Iodides 
Halides 

reduction, 6, 27, 29-30, 32, 37, 62-69, 181 
stoichiometry in hydride reductions, 19 
Halo acids, reduction, 141, 142, 196 
Halo alcohols 
from halo acids, 141, 196 
halo esters, 159, 198 
halo ketones, 122, 123, 192 
reduction, 81 

Halo aldehydes, reduction, 103 
Halo alkanes, reduction, 63-65, 181 
Halo alkenes, reduction, 66, 67, 181 
Halo alkynes, reduction, 66, 181 
Halo amines, from halo nitro compounds, 74, 
75, 182 

Halo aromatics, reduction, 67-69, 181 
Halo azides 

reduction to alkenes, 76, 183 
aziridines, 76, 183 
Halo cholestanones, reduction, 123 
Halo cycloalkanes, reduction, 63-67 
Halo esters, reduction, 159, 198 
Halogen compounds 
See Halides 
Halogens 

replacement by hydrogen, 16, 36, 62-69, 181 
in acids, 141, 196 
alcohols, 81, 184 
esters, 159, 198 
ketones, 123, 192 

Halohydrins, reduction to alcohols, to alkenes, 
U,184 
Halo ketones 

reduction to alkenes, 123, 192 
halo alcohols, 122, 123, 192 
ketones, 31, 35, 123, 192 
Halonitro compounds, reduction, 74, 75, 182 
Halophenols, reduction, 81 
Halopyridines, reduction, 68 
Halopyrimidines, reduction, 68 
Handling of hydrides and complex hydrides, 
20-22 

Heat of hydrogenation, 8, 39, 46 
Hemiacetals of aldehydes, 148, 149 
Henbest reduction, 117 
Heptadecanone, synthesis, 151 
Heptanal, reduction, 97 
Heptanol, from heptanal, 97 
Heptyl nonyl ketone, synXYiesis, 151 
Heterocycles, aromatic 
reduction, 5, 53-62, 180 
Heterocycles, aromatic, halogen derivatives, re- 
duction, 68, 69 

Hexaamocalcium, reduction of benzene, 48 
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Hexafluorocyclobutene^ reduction, 67 
Hexahydrocarbazole, by hydrogenation, 57 
Hexahydronaphthalenes, from naphthalene, 
50,51 

Hexahydropyridine{sX from pyridine(s), 36, 
55, 180 

Hexamethyleneimine, from caprolactam, 168 
Hexamethylphosphoric triamide, reduction of 
diazonium compounds, 75, 183 
Hexanal, from methyl hexanoate, 149 
reduction, 97 

Hexane, from 1 -hexene, 41 
from 3-hexyne, 44 
solvent in hydrogenation, 1 1 
Hexanol, from hexanal, 97 
hexyl ethers, 104 
Hexene 

from 3-hexyne, 44 
reduction, 41 

Hexoxypentanol, from hexyl tetrahydropyr- 
anyl ether, 104 

Hexyl tetrahydrofuranyl ether, reduction, 104 
Hexyl tetrahydropyranyl ether, reduction, 
104 

Hexyne, reduction, 44 

High-pressure hydrogenation, apparatus (Fig. 
3,4), 1, 3, 12, 203, 204 

Homogeneous catalytic hydrogenation, 9, 10 
general procedure, 206 
of acid anhydrides, 146 
aldehydes, 98 

olefinic aromatic acids, 140 
olefinic aromatic aldehydes, 101, 102 
olefinic ketones, 1 19 
over chiral catalysts, 138 
Huang- Minion reduction, 34, 216 
Hydrazides 
decomposition, 34 
reduction, 172, 200 
Hydrazine 

conversion to diimide, 33 
desulfurization of mercaptoles, 131, 132, 
194 

hydrogenation of 

halonitro compounds, 74, 182 
ketoximes, 132, 133, 194 
nitro compounds, 73, 74, 182 
hydrogen donor, 13, 34 
oxidation to diimide, 34 
reducing agent, 33, 34, 216 
reduction of 
aldehydes, 97, 101, 189 
benzene, 48, 179 
diketones, 127, 193 
epoxy ketones, 126, 193 
halo ketones, 123, 192 
keto acids, 144, 196 
ketones, 108, 191 
nitro compounds, 75, 88, 182 
Hydrazines 

from diazonium compounds, 30, 33, 75, 76, 
183 

hydrazones, 133 
nitro amines, 94, 188 
nitroso amines, 94, 188 
reduction, 95, 188 

Hydrazino esters, from diazo esters, 160, 198 



Hydrazobenzene 

from azobenzene, 96 
nitrobenzene, 72, 213 
Hydrazo compounds 
cleavage to amines, 95, 188 
from azo compounds, 33, 95, 96, 188 
nitro compounds, 28, 72, 182, 213 
reduction, 95, 188 
Hydrazones 

decomposition, 34 
from diazo esters, 160 
diazo ketones, 124, 192 
reduction, 95, 132-134 
reduction intermediates, 106 
Hydrazones, arenesulfonyl 

reduction to hydrocarbons, 106, 108, 113, 
118, 190 

Hydride ion transfer 

in reductions with hydrides, 17, 19 
Hydrides 
handling, 20-22 
hazards, 21 

isolation of products of reduction, 21, 22 
nomenclature, 17 
reducing agents, 13-16 
solubilities, 21 

stoichiometry in reductions, 19 
toxicity, 21 

Hydriodic acid, preparation of phosphoni- 
umiodide, 35 
properties, 31 
reducing agent, 3 1 
reduction of acyloins, 125, 193, 215 
atomatic ketones to hydrocarbons, 113, 
191 

benzyl alcohols, 79, 184 
diazo ketones, 124, 192 
diketones, 127, 193 
halo aromatics, 68, 69 
halo ketones, 123, 192 
hydroxy ketones, 125, 193 
keto acids, 144, 196 
phenols, 79, 184 
quinones, 129, 193 
sulfonamides, 91, 92, 757 
sulfonyl chlorides, 90, 187 
Hydroaromatic acids, from aromatic acids, 
139, 140, 195 
Hydroaromatic ketones 
See Ketones, cyclic 

Hydroaromatics, carbocyclic, from aromatics, 
6, 48-53, 179 

Hydroaromatics, heterocyclic, from aromatics, 
6, 53-62, 180 

Hydroboration of alkenes, 41, 775 
Hydrocarbons 

by desulfurization of disulfides, 87, 757 
from acids, (136), 139, 195 
acyloins, 126, 193 
alcohols, 76-81, 184 
aldehydes, 106, 189 
aliphatic ketones, 108, 191 
alkyl halides, 63, 64, 77, 757 
amines, 92, 755 

arenesulfonyl hydrazones, 106, 190 
aromatic acids, 139, 795 
aldehydes, 101-103, 759 
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Hydrocarbons — con t . 
from 

aromatic ketones, 1 12, 1 13, 191 
aryl halides, 67, 68, 181 
benzyl halides, 66, 181 
diazonium compounds, 75, 76, 183 
diketones, 127, 128, 193 
dithio esters, 164, 198 
dithioketals (mercaptoles), 130-132, 194 
esters, 148, 150, 151,797 
haUdes, 6, 63, 64, 66-68, 181 
halo ketones, 123, 192 
hydrazones, 106, 133, 134, 190 
hydroxy ketones, 126, 193 
ketones, 108, 109, 112, 113, 118, 191 
with hydrazine, 216 
with zinc, 213 
mercaptals, 104, 105, 190 
mercaptans, 86, 87, 187,217 
mercaptoles, 130-132, 194 
olefinic ketones, 121, 191 
phenols, 78, 79, 184 
quaternary ammonium salts, 93, 188 
quinones, 129, 193 
sulfonamides, 91, 92, 757, 213 
sulfones, 88, 187 
sulfonyl esters, 90, 91, 187 
sulfonyl hydrazides, 172, 200 
sulfoxides, 88, 187 
thiols, 86, 187 
vicinal dihalides, 65, 181 
reduction, 39-53, 178, 179 
Hydrochloric acid, solvent for reduction with 
zinc, 29 

Hydrocinnamic acid, from cinnamic acid, 140, 

212 

Hydrocinnamyl alcohol 
from dnnamaldehyde, 102 
cinnamic acid, 140 
cinnamyl alcohol, 80 
Hydrogenation 

See also Catalytic hydrogenation 
Hydrogenation of 
acetylenic alcohols, 78, 184 
acids, 138, 141, 795 
esters, 159, 197 
ketones, 122, 797 
acids, 137-141,795 

acyl chlorides to alcohols, 144, 145, 196 
acyloins, 125, 193 
alcohols, 76, 77, 184 
aldehydes, 96, 97, 189 
aldimines, 105, 190 
aldoximes, 106, 190 
alkenes 39-43, 178 
alkyl bromides, 63 
alkyl-dialkylisoureas, 77, 184 
alkyl halides, 63, 64, 181 
alkynes, 43-46, 178 
allyl halides, 66, 181 
amides, 166, 167, 196 
amine oxides, 94, 95, 188 
amino esters, 161, 198 
anthracene, 51, 779 
aromatic acids, 140, 795 
alcohols, 80, 184 
aldehydes, 99-103, 189 



Hydrogenation of~cont. 
aromatic heterocycles, 53-58, 180 
hcterocycles with two nitrogens, 59-62 
aromatic ketones, 109-1 11, 797 
aryldialkylisoureas, 79, 184 
azides, 76, 183 
azido esters, 160, 795 
azo compounds, 95, 96, 755 
carbazole, 57 

carbocyclic aromatics, 46, 47, 50-53, 779 
carbonyl to methyl or methylene, 100, 101, 
112-113, 189, 797 
dnnamaldehyde, 102 
cyclic add anhydrides, 146, 196 
cyclic ketones, 113, 114, 797 
diazines, 60 
diazo esters, 160, 795 
dienes and polyenes, 42, 43,178 
diketones, 127, 193 
epoxides, 83, 84, 186 
esters, 150, 151, 153, 154, 797 
geminal dihalides, 64, 757 
halo acids, 141, 142, 196 
halo aromatics, 67-69, 757 
halo esters, 159, 795 
halo ketones, 123, 792 
hydrazo compounds, 95, 755 
hydrazones, 133 
hydroperoxides, 84, 85, 186 
hydroxy aldehydes, 103 
hydroxy esters, 160, 161, 795 
imidazole(s), 60 
imides, 169, 799 
indole, 56, 57 
isoquinoline, 58 
ketals, 130, 194 
ketimines, 132, 194 
keto adds, 143, 196 
keto esters, 161-163, 795 
ketones, 107-113, 191 
ketoximes, 132, 133, 194 
lactams, 168, 799 
Mannich bases, 94 
naphthalene, 50, 779 
nitriles, 173, 174, 200 
nitroaldehydes, 103, 790 
nitro azido compounds, 183 
nitro compounds, 69-75, 752 
nitro esters, 159, 795 
nitro ketones, 124, 792 
olefinic acids, 138, 195 
alcohols, 77, 78, 184 
aldehydes, 98, 759 
amides, 169, 799 
amines, 92, 755 
epoxides, 84, 186 
esters, 156-159, 797 
ketones, 119, 121, 797 
nitriles, 175, 200 
nitro compounds, 70, 71, 752 
oximino esters, 163 
oximino nitriles, 175 
ozonides, 85, 86, 186 
peroxides, 84, 85, 186 
phenanthrene, 52, 53, 779 
phenanthroline, 62 
phenazine, 62 
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Hydrogenation of~cont, 
phthalazine» 61 
pyrazole, 60 
pyridine, 54-56, 181 
pyrrocoUne, 57 
pyrrole, 53, 180 

quaternary ammonium salts, 93, 188 
quinazolines, 61 
quinolines, 57, 58 
quinones, 128, 193 
quinoxalines, 61 
steroidal ketones, 1 17 
sulfonyl esters, 90, 187 
sulfoxides, 88, 187 
trigeminal halides, 64 

triple bonds in side chains, 49, 50, 141, 779, 
195 

vicinal dihalides, 65, 181 
Hydrogenation autoclaves y 1 , 3 
Hydrogenation rates, 5 
Hydrogen bromide 
reduction of azides, 76, 183 
of halo ketones, 32 , 192 
Hydrogen-deuterium exchange, 4, 33 
Hydrogen donors, 1 3, 48 
alcohols, 35, 48 
formic acid, 36 
hydrazine, 34 
hydrocarbons, 13 
Hydrogen iodide 
properties, 31 
reducing agent, 31, 32 
reduction of 

aromatic ketones, 1 1 3, 191 
diazo ketones, 1 24, 192 
sulfonamides, 91, 92, 187 
sulfoxides, 88, 187 
Hydrogenolysis 

See also Hydrogenation, Reduction 
Hydrogenolysis 
in catalytic hydrogenation, 10 
hydride reductions, 18, 19 
Hydrogenolysis of 
acetylenic halogen, 66 
alcohols, 76-81, 184 
alkyl halides, 63, 181, 210 
allyl halides, 66, 181 
amines, 92, 188 
aromatic acids, 139, 195 
azines, 95 
aziridine, 92 
benzyl amines, 93, 188 
benzyl esters, 151 , 197 
benzyl ethers, 82, 185 
benzyloxy aldehydes, 103, 190 
benzyloxycarbonyl amides, 1 5 1 
benzyloxycarbonyl amino compounds, 94 
benzyloxycarbonyl esters, 1 5 1 
benzyl-type residues, 7 
carbon-halogen bonds, 62, 103, 181 
carbon -metal bond, 176 
carbon -nitrogen bond, 92, 93, 188 
cinnamyl-type alcohols, 80, 184 
cycloalkanes, 39 
enamines, 92, 188 
esters, 150-156, 197, 198 



Hydrogenolysis of— coni, 
halogens, 181, 205 
in halo acids, 141, 142 , 196 
halo amines, 93 , 188 
halo alcohols, 81, 754 
halo ketones, 122, 123 , 192 
hydrazines, 95 , 188 
hydrazones, 133, 134 
hydroxy amines, 94 
hydroxyl, 76-81, 160, 184 , 198 
ketals, 130 , 194 
lactams, 1 69, 799 
1,2-oxazines, 95 
ozonides, 85, 86 , 186 
phenols via arylcyanates, 78, 79 , 184 
phthalazines, 61 
propargylic halogen, 66 
vinylic halogen, 11, 66, 67 , 181 
Hydrogen pressure 
effect on hydrogenation, 11,12 
Hydrogen sulfide 
properties, 32 
reduction of 
azides, 76 , 183 
azo compounds, 95, 96 , 188 
diketones, 126, 127, 193, 216 
hydrazo compounds, 96, 755 
nitro azides, 76 , 183 
nitro compounds, 73, 74 , 182 
quinones, 129 , 193 
Hydrogen transfer, 13, 151 
in hydrogenation of 
aldehydes, 98-100, 759 
benzyl derivatives, 82, 151 , 185 
halo aromatics, 67, 757 
side chains, 49 , 179 
steroids, 1 1 7 
over palladium, 206 
Hydroperoxides 
by autooxidation, 85 
reduction 

to alcohols, 84, 85 , 186 
with dimethyl sulfide, 32 
Hydroquinones 

from quinones, 128, 129, 193, 214 
Hydroxy acids 
from epoxy acids, 143 , 196 
ester acids, 163, 795 
keto acids, 34, 143, 196 
Hydroxy alcohols, from hydroxy aldehydes, 
103 

Hydroxy amides, from keto aniides, 170 , 199 
Hydroxy amines 
See Amino alcohols 

Hydroxybutyramide, from succinimide, 169 
Hydroxycyclodecanone, reduction, 1 25 
Hydroxy compounds 
from sulfonyl esters, 90, 9 1 
reduction, 76-81 , 184 
stoichiometry in hydride reductions, 19 
Hydroxydecalin, from ^-naphthol, 8 1 
Hydroxyeicosanone, from dimethyl eicosane- 
dioate, 152 
Hydroxy esters 
from ester acids, 163, 795 
keto esters, 161, 162, 795 
reduction, 160, 161, 795 
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Hydroxyethyiidenecyclohexane^ reduction, 78 
Hydroxyethylpyridines, from acetylpyridines, 

no 

Hydroxy ketones 
from diketones, 126, 127, 193 
esters by acyloin condensation, 151, 152, 
197 

keto acids, 143, 196 
reduction, 125-127, 193 
Hydroxyl, hydrogenolysis, 78-80, 161, 184 
Hydroxylamines 

from nitro compounds, 28, 70-72, 95, 182 
nitroso compounds, 35 
reduction to amines, 95, 188 
Hydroxylaminesulfonic acid 
reduction of amines to hydrocarbons, 92, 
188 

2-Hydroxylamino-l-phenylpropane 
from 2-nitro-l-phenylpropene, 71 
Hydroxyoxooctahydronaphthalene, by bio- 
chemical reductions, 218 
Hydroxyphenylbutyric acid, from benzoylpro- 
pionic acid, 143 

Hydroxyphenylpropanol, from coumarin, 158 
2-Hydroxytetraline, from ^-naphthol, 81 
Hypophosphorous acid 
reduction of diazonium compounds, 35, 75, 
ns, 183, 192, 217 



I 

Ignition, in handling hydrides, 20 
Imidazole, reduction, ^ 

Imides 
reduction to 
amines, 168, 169, 199 
lactams, 168, 169, 799 
Imidoyl chlorides 

reduction to aldehydes, 27, 30, 172, 200 
Imines 

See Aldimides, Ketimines 
Indazole, reduction, 60 
Indole, reduction, 54, 56, 57, 180 
Indole aldehyde, reduction, 106 
Indoline 

from indole, 57, 180 
hydrogen donor, 13 
Infusorial earth, catalyst support, 8 
Inhibitors of catalysts, 5, 10, 1 1 
Inverse technique in handling 
esters, 157 
halo acids, 141 
halo ketones, 122 
hydrides, 21 
ketones, 120 
lactones, 149 

olefinic acyl chlorides, 146 
Inversion in 

hydrogenolysis of chiral alcohols, 79 
reduction of halides, 67 
Iodide 

catalyst inhibitor, 10 
Iodides 
See Halides 

Iodides, alkaline, reducing agents, 32 



Iodine, in reductions with hydriodic acid, 215 
replacement by hydrogen, 65 
lodoalkanes, reduction, 63, 64 
lodo azides, reduction, 76 
lodobenzene, reduction, 68 
lodo ketones, reduction, 214 
lodooctane, reduction, M 
Ionic reduction with triethylsilane, 41, 210 
Iridium 

hydrogenation activation energy, 4 
Iron, cathode in electroreduction, 24 
deoxygenation of amine oxides, 94, 188 
desulfurization, 29 
of thiols, 86, 187 
thioamides, 171, 172, 200 
electrochemical potential, 25 
hydrogenation activation energy, 4 
physical constants, 25 
reduction of aldehydes, 29, 96, 97, 189 
aldehyde diacetates to esters, 105, 190 
amine oxides, 93, 94, 188 
halo nitro compounds, IS, 182 
nitro alcohols, 81, 184 
nitroamine oxides, 95 
nitro compounds, 29, 69, 73, 182, 213 
nitro esters, 159, 198 
nitro ketones, 124, 192 
nitro nitriles, 175, 200 
nitro sulfonic acids, 90 
Iron ions, catalysts in hydrogenation, 96 
Irradiation 

in reduction of aryl halides, 68 
reduction of ketones, 1 12 
reduction with ethanol, 142 
Isoamyl alcohol, solvent for reductions with 
sodium, 26 

Isoborneol, from camphor, 1 1 7 
Isoindoline, from phthalimide, 169 
Isolation of products 
in catalytic hydrogenation, 1 2, 1 3 
in reaction with hydrides, 21, 22 
Isomerization 

in hydrogenation of alkenes, 40 
in reduction of dienes, 43 
alkynes to alkadienes, 45 
Isonitroso compounds, reduction, 69, 132, 194 
Isophorone oxide, reduction, 126 
Isophorone oxide hydrazone, reduction, 1 26 
Isopinocampheyl~9-borabicyclo[3.3. 1] nonane, 
synthesis, 15, 16 

Isopropyl alcohol, from acetone, 108 
reducing agent, 35, 36 
reduction of 
aldehydes, 96, 97, 189 
aromatic aldehydes to alcohols, 99, 100, 
102, 189 

aromatic ketones to alcohols, 110, 112, 
191 

carbonyl compounds, 217 
halo aromatics, 68 
halo ketones, 123, 192 
keto esters, 161, 198 
ketones, 107, 108, 191 
nitro aldehydes, 103, 190 
nitro ketones, 123, 192 
olefinic aldehydes, 98, 189 
olefinic ketones, 120, 121, 191 
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Isopropylamine ^ from acetone, 135 
Isopropylaminoethanoly from acetone, 135 
Isopropylaniline, from acetone, 135 
Isopropylbenzene, partial reduction by elec- 
trolysis, 210 

Isopropylcyclohexenes, from isopropylbenzene 
by electroreduction, 210 
Isopropylidene isobutylmalonate, from isopro- 
pylidene isobutyrylmalonate, 162 
Isopropylidene isobutyrylamalonate, reduction, 
162 

Isopropylidene phenylacetylmalonate, reduc- 
tion, 162 

Isopropylidene phenylethylmalonate, from iso- 
propylidene phenylacetylmalonate, 162 
Isopropylidene propionylmalonate, reduction, 
162 

Isopropylidene propylmalonate, from isopro- 
pylidene propionylmalonate, 1 62 
Isopropylmagnesium halides, reducing agents, 
36 

Isopropyl methyl ketone, from acetylacetone, 
127 

Isoquinoline, reduction, 58, 180 
Isotope exchange, in catalytic hydrogenation, 
10 



K 

Ketals, reduction, 130, 194 
Ketimines 

from hydrazones, 134 
reduction to amines, 1 32, 194 
Keto acids, reduction, 34, 143, 144, 196 
Keto alcohols 

from diketones, biochemically, 218 
keto esters, 162, 163, 198 
Keto amines, reduction, 1 70, 199 
Keto esters, reduction, 161-163, 198 
Keto group 

reduction to methyl in aldehydes, 97, 100- 
101,759 

methylene in keto acids, 143, 144, 196 
in ketones, 109, 112, 113, 19 1 
Keto hydrazones, from diazo ketones, 124, 192 
Ketols 

See Hydroxy ketones 
Ketone acetals 
See Ketals 

Ketone derivatives, reduction, 122-125, 192 
Ketones 

by reduction of Mannich bases, 94 
catalytic hydrogenation, 6, 9, 107-1 1 1, 79/ 
conversion to amines, 36, 134-136 
mercaptoles, 130, 131 
deoxygenation, 109, 112, 118 
from acetylenic ketones, 122, 797 
acylmalonates, 151 
acyloins, 125, 193, 215, 216 
diazo ketones, 124, 125, 792 
diketones, 126, 127, 193 
halo ketones, 123, 792 
hydrazones, 133, 134 
hydroxy ketones, 125, 193 
keto sulfoxides, 88 
monothioketals, 130, 194 



Ketones — cont, 
from 

nitro compounds, 70 
olefinic ketones, 119-121, 797 
reduction, 6, 20, 22, 29, 32, 34-36 
to alcohols, 6, 107-118, 797, 207, 209, 217 
alkenes, 30, 109,112,118, 797 
hydrocarbons, 109, 112, 1 13, 118, 797, 
213,216 

pinacols, 109, 112, 118, 797, 212 
reductive coupling, 109, 112, 118, 797 
Ketones, acetylenic, reduction, 122, 797 
Ketones, aliphatic 

reduction to alcohols, 107, 108, 797 
hydrocarbons, 108, 109, 797 
pinacols, 109, 797 

Ketones, aliphatic-’oromatic reduction, 109- 
113, 191,212 
Ketones, amino 

from azido and nitro ketones, 124, 792 
Ketones, aromatic 
reduction, 36, 55 
to alcohols, 109-1 \1, 19 1 
cycloalkanes, 1 1 3, 797 
hydrocarbons, 112, 113 , 19 1 
pinacols, 1 12, 797 
Ketones, azido, reduction, 125, 792 
Ketones, bicyclic, reduction, 115-117 
Ketones, cyclic, reduction, 113-119 
Ketones, diazo, reduction, 124, 125, 792 
Ketones, epoxy, reduction, 126, 793 
Ketones, halogenated 
See Halo ketones 
Ketones, hydroxy 
from diketones, 126, 127, 793 
reduction, 125, 126, 793 
Ketones, nitro, reduction, 123, 124, 792 
Ketones, olefinic 

from acetylenic ketones, 122, 797 
epoxy ketones, 126, 793 
quinones, 129, 793 
reduction, 119-122 
to alkanes, 108, 797 
alkenes, 109, 118, 797 
olefinic alcohols, 120, 121, 797 
saturated alcohols, 121, 797 
Ketones, tosyl hydrazones, reduction, 108, 797 
Ketones, trichloromethyl, reduction, 123 
Keto nitriles, reduction, 175, 200 
Keto steroids, reduction, 118, 123 
Keto sulfones, reduction, 89 
Keto sulfoxides, reduction, 88 
Ketoximes 

from nitro compounds, 69, 70 
reduction, 132, 133, 194 
Kieselguhr, catalyst support, 8 
K-Selectride, 15 



L 

Lactams 

fromimides, 168, 169, 199 
reduction to amines, 168, 169, 799 
Lactams, olefinic, reduction, 169, 170 
Lactols, from lactones, 149, 797 
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Lactone, of trans-2,9-diketO“la- 

carboxymethyl-8-methyl-l » 1 a,2,3»4,4a- 
hexahydrofluorene, reduction, 1 5 1 
Lactones 

from cyclic anhydrides, 146, 147, 196 
hydrogenolysis to acids, 162 
reduction to 

aldehyde hemiacetals, 149, 197 
cyclic ethers, 1 50, 197 
diols, 152, 154, 197 
lactols, 149, 197 

Lactones, olefinic, reduction, 169, 170 
Lead 

cathode in electroreduction, 24 
Lead acetate 

catalyst deactivator, 7, 10, 44, 45 
Leuckart reaction, 36, 1 52, 218 
Lewis acids, boranes, 14 
Ijewis bases, complexes with borane, 1 4 
Lindiar catalyst 
preparation, 6, 7, 10, 44, 206 
Lithium 

electrochemical potential, 25 
physical constants, 25 
reducing agent, 25, 26 
reduction of 
acids, 137, 195 
alkenes,41, 178 
alkynes to alkenes, 45, 178 
allyl alcohols, 77, 78, 184 
allyl ethers, 82, 185 
allyl halides to alkenes, 66 
anthrawne, 51, 779 

aromatic acids to hydroaromatic acids, 
140, 795 

aldehydes to hydrocarbons, 101, 759 
amines, 93, 188 
ethers, 82, 185 

ketones to hydrocarbons, 113, 797 
benzene, 48, 779 
chromane, 53 

dienes and polyenes, 42, 43, 178 
diphenyl, 48 
epoxides, 84, 186 
ethers, 82, 185 
halides, 66, 181 
indole, 56, 750 
keto esters, 162, 795 
naphthalene, 50, 51 
naphthols, 80, 81 
olefinic alcohols, 77, 78, 184 
ketones, 120, 797 
styrene, 49, 179 

titanium trichloride to low-valence titan- 
ium, 30,101,109,112, 215 
vicinal dihalides, 65, 757 
vinyl ethers, 82, 755 
halides, 66, 757 
solubility in ammonia, 26 
Lithium alkoxyaluminum hydrides 
reduction of lactams, 170 
Lithium aluminum hydride, 17 
cleavage of 
sulfones, 89, 757 
tetrahydrofuran, 8 1 
decomposition, 21, 22 
deoxygenation of sulfones, 88, 89, 757 



Lithium aluminum hydride^cont. 
desulfurization of sulfides, 86, 187 
discovery 
handling, 20-22 
ignition, 20 

isolation of products of reduction, 21, 22 
mechanism of reduction, 17-20 
preparation, 14 
preparation of 
alane, 14 

in situ, 83, 102-104, 113, 130, 141, 154, 
155, 159, 163, 170, 174,206 
chiral reducing agents, 1 1 1 
chloroalanes, 77 
copper hydride, 1 20 
dichloroalane, 107 
magnesium hydride, 44 
other hydrides, 15, 16 
tri-(tert-butoxy)aluminohydride, 207 
reaction with alcohols, 17, 18 
reduction of 
acenaphthylene, 51, 179 
acetylenic acids to olefinic alcohols, 138, 
795 

alcohols to olefinic alcohols, 78, 184 
esters to olefinic alcohols, 159, 797 
acids to alcohols, 137, 795 
acyl chlorides to alcohols, 145, 146, 196 
aldehydes, 96, 97, 759 
mechanism, 17 
aldehydes and ketones, 207 
aldimines, 105, 190 
aldoximes, 106, 190 
alkylaminotetrahydrofurans, 1 05 
alkyl bromides, 6^ 64 
chlorides, 63 
iodides, 63, 64 

alkylchlorosilanes to alkylsilanes, 16 
alkyl halides, 63, 64, 757 
alkylsulfenyl chlorides to disulfides, 89, 
757 

alkynes to alkenes, 44, 775 
amides to alcohols, 166, 799 
aldehydes, 164, 165, 799 
amines, 167, 799 

amino esters to amino alcohols, 161, 795 
arenesulfonyl hydrazones to hydro- 
carbons, 106, 190 

aromatic acids to alcohols, 139, 795 
aldehydes, 99, 100, 759 
ketones, 100-112, 797 
olefinic acids to alcohols, 141, 795 
aryl halides, 67, 68, 757 
azides to amines, 76, 183 
azido ketones to amino alcohols, 125, 192 
benzimidazole(s), 60 
benzyl halides, 67, 757 
chlorostannanes to stannanes, 1 6 
cinnamaldehyde to cinnamyl alcohol, 102 
cinnamyl-type alcohols, 80, 184 
cyclic acid anhydrides to diols, 147, 196 
ketones, 1 14-117 

diazo ketones to amino alcohols, 125, 192 
disulfides to mercaptans, 87, 757 
epoxides to alcohols, 83, 84, 186 
esters to alcohols, 154, 156, 197 
to aldehydes, 148, 149, 797 
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Lithium aluminum hydride — cont. 
reduction o^—cont. 
fluorides, 68 
geminal halides, 64 , 181 
halides, 65-67 , 181 
halo acids to halo alcohols, 141 , 196 
halo amines, 93 
halo aromatics, 67, 68 , 181 
halo azides to alkenes, 76 , 183 
halo esters, 1 59 , 198 
halo ketones to halo alcohols, 122 , 192 
hydrazides, 172 

hydroxy esters to diols, 161 , 198 
imides to amines, 169 , 199 
to lactams, 168 , 199 
isoquinoline, 58 , 180 
keto amides to hydroxy amines, 1 70 , 199 
keto esters to keto alcohols, 1 62 , 198 
ketones, 107, 108, 110-112, 114-117 , 191 
keto nitriles to amino alcohols, 175 , 200 
ketoximes, 132, 133 , 194 
lactams to amines, 168 , 199 
lactones to lactols, 149 , 197 
nitriles to amines, 174, 200 , 207 
nitro amides to diamines, 1 70 
nitro compounds to azo compounds, 72, 
182 

nitro esters to nitro alcohols, 159, 160, 
198 

nitro ketones to nitro alcohols, 124 , 192 
nitroso amines to amines, 94 , 188 
nitroso compounds to azo compounds, 
75 , 183 

olefinic acids to olefinic alcohols, 138 , 195 
olefinic aldehydes to olefinic alcohols, 98, 
189 

olefinic amides to amines, 170 , 199 
olefinic esters to olefinic alcohols, 157, 
158 , 197 

olefinic ketones to olefinic alcohols, 1 20, 
121,797 

olefinic ketoximes, 133 
olefinic lactams, 170 
olefinic nitriles, 175, 200 
olefinic nitro compounds, 70, 71 , 182 
organometallics, 176 
ortho esters to acetals, 163 , 198 
phenols to hydrocarbons, 79 , 184 
pyridine, 55 
pyridones, 170 
quinones, 129 , 193 
quinoxalines, 61 

sulfinic acids to disulfides, 89 , 187 
sulfinyl chlorides to disulfides, 89 , 187 
sulfones to sulfides, 88 , 187 
sulfonyl chlorides, 90 , 187 
sulfonyl esters to alcohols, 90, 91 , 187 
to hydrocarbons, 90, 91 , 187 
sulfonyl hydrazides to hydrocarbons, 1 72, 
200 

thio amides to amines, 171 , 200 
thiocyanates to mercaptans, 87 , 187 
titanium trichloride to dichloride, 30, 79, 
81, 83, 109 

p-toluenesulfonylhydrazides, 1 72 , 200 
p-toluenesulfonyl hydrazones, 101, 106, 
134 



Lithium aluminum hydride —cont. 
reduction oi~cont. 

vinyl halides, 66, 67 , 181 
solubilities, 21 

stereoselective reduction of alkynes, 44 
stoichiometry of reductions, 18 
Lithium borohydride, 14 
discovery, 13 
handling, 20-22 
ignition, 20 

mechanism of reductions, 19 
reduction of 

aldehydes, 96, 97, 99, 100 , 189 
aldimines, 105 , 190 
aliphatic aldehydes, 99, 100 , 189 
aliphatic ketones, 107, 108, 797 
aromatic ketones, 1 10 , 191 
cyclic anhydrides, 147 , 196 
esters, 1 55, 797 
halo esters, 1 59 , 198 
hydroxy esters, 161 , 198 
ketones, 107, 108 , 191 
olefinic aldehydes, 98 , 189 
solubilities, 21 
stoichiometry, 19 
synthesis, 14 

Lithium butylborohydride 
reduction of ketones, 120, 121 , 191 
Lithium chloride, electrolyte in electroreduc- 
tion, 24, 48, 49, 210 

Lithium copper hydride, reduction of alkyl hal- 
ides, 63 

Lithium cyanoborohydride, in reductive ami- 
nation, 135, 136 

Lithium diethoxyaluminum hydride, 1 5 
reduction of amides to aldehydes, 165, 166 
Lithium ethoxyaluminum hydri^, reduction of 
pyridones, 170 
Lithium hydride 

preparation of lithium aluminum hydride, 
13, 14 

reduction of aldehydes, 96 
Lithium methyldiisobutylaluminum hydride 
reduction of alkynes, 44 , 178 
Lithium tetrahydridoaluminate 
See Lithium aluminum hydride 
Lithium tetrakis{N-dihydropyridyl)aluminat€ 
reduction of aromatic ketones, 55, 1 10 
Lithium trialkoxylaminimum hydrides 
reduction of aldehydes, 96, 97 , 189 
alkyl haUdes, 63 , 181 
nitriles to aldehydes, 173 , 200 
Lithium trialkoxyhydridoaluminate 
See Lithium trialkoxyaluminum hydride 
Lithium tri(tert-butoxy)aluminum hydride, 1 5 
preparation, 207 
reduction of 

acyl chlorides to aldehydes, 145, 196 , 208 
alicyclic ketones, 107 
alkyl halides, 63, 64 , 181 
esters to alcohols, 154, 797 
to aldehydes, 148, 797 
imidoyl chlorides to imines, 172 , 200 
ketones, 107,115-117, 797 
olefinic ketones, 121, 797 
solubilities, 21 
synthesis, 15, 207 
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Lithium trichloroaluminum hydride 
reduction of halo azides, 76, 183 
Lithium triethoxyaluminum hydride^ 1 5 
reduction of amides to aldehydes, 164, 165, 
199 

of pyridones, 1 70 

Lithium tri{sec-butyl)borohydride {L-Selec- 
tride), 1 5 

reduction of acid anhydrides, 147, 196 
Lithium triethylborohydridCy 1 5 
reduction of 

acid anhydrides, 147, 196 
aliphatic ketones, 107, 191 
alkyl bromides, 63, 64 
chlorides, 63 
iodides, 63, 64, 181 
amides to alcohols, 166, 199 
aromatic ketones, 1 10, 191 
cyclic acid anhydrides to lactones, 147, 
196 

disulfides, 87, 187 
esters to alcohols, 1 55, 197 
quinones, 129, 193 
sulfonyl esters, 91, 187 

Lithium tri{3-ethyl~3-pentyloxy)aluminum hy- 
dride 

reduction of aldehydes, 97 
Lithium trimethoxyaluminum hydride^ 1 5 
preparation of copper hydride, 120 
reduction of alkyl bromides, 64 
alkyl chlorides, 63 
alkyl iodides, W 
amides to amines, 167, 199 
esters, 148, 154, 197 
nitriles to amines, 174, 200 
olefinic amides, 1 20, 199 
olefinic ketones to olefinic alcohols, 120, 
191 

Low-pressure hydrogenation^ 1, 2, 201-203 
apparatus, (Fig. 1,2), 1, 2, 201, 203 
L-Selectride {lithium tri{sec-butyl) 
borohydride), 15 

reduction of acid anhydrides, 147, 196 



M 

Macrocyclic ketones, from acyloins, 125 
Magnesium 

dehalogenation of vicinal dihalides, 65, 181 
reduction of 

halogen derivatives, 27, 63, 68, 181 
imidoyl chlorides to aldehydes, 27, 172, 
200 

ketones to pinacols, 27, 109, 1 12, 1 18, 191 
olefinic nitriles, 175,200 
titanium trichloride, 109, 112 
Magnesium aluminum hydride, 14 
reduction of aliphatic ketones, 107, 191 
amides to amines, 167, 168, 199 
esters to alcohols, 154, 156, 197 
ketones to alcohols, 107, 191 
nitro to azo compounds, 72, 182 
olefinic aldehydes to olefinic alcohols, 98, 
189 



Magnesium bromohydride 
r^uction of esters to alcohols, 1 56, 197 
Magnesium hydride 

reduction of alkynes to alkenes, 44, 178 
Mannich bases, reduction, 94 
McFadyen-Stevens reduction, 34, 172 
Mechanism of 
catalytic hydrogenation, 4 
Clemmensen reduction, 28 
dissolving metal reductions, 23, 24 
electroreduction, 23, 24 
reduction with hydrides and complex hy- 
drides, 17-20 

Wolff- Kizhner reduction, 34 
M?erwein-Ponndorf-Verley reduction, 35, 36, 

217 

of aldehydes, 96 
halo aldehydes, 103 
halo ketones, 123 
ketones, 1 10 
nitro aldehydes, 103 
nitro ketones, 123 
olefinic aldehydes, 98 
olefinic ketones, 121 
Menthenediol, from ascaridole, 85 
Mercaptals 

desulfurization, 104, 105, 190 
reduction to mercapto sulfides, 104, 105, 
190 

Mercaptans 

by reduction of thiocyanates, 87, 187 
catalyst inhibitors, 10 
desulfurization, 86, 187, 217 
from alkyl sulfonates, 91, 187 
disulfides, 86, 87, 187 
sulfonamides, 92, 187 
sulfonyl chlorides, 90, 187 
sulfonyl esters, 90, 91, 187 
thiocyanates, 87, 187 

Mercapto acids, from disulfidic acids, 143, 196 
Mercaptodeoxy sugars, by reduction with 
sodium, 86 

Mercapto ethers, from aldehyde thioacetals, 
104, 105, 190 

Mercaptoethyl ethers from ethylene mono- 
thioketals, 130, 131 

Mercaptoethyl thioethers from ethylene di- 
thioketals, 130, 131 
Mercaptoles 

desulfurization, 130, 131, 194 
preparation, 130, 131 
Mercuric chloride 
activation of zinc, 214, 215 
preparation of amalgams of 
aluminum, 27, 212 
magnesium, 27 
tin, 214 
zinc, 28, 213 
Mercury 

cathode in electroreduction, 24 
Meso forms from trans-compounds by electro- 
reduction or reduction with metals, 24 

Metals 

physical constants, 25 
reduction with, 30, 31 
relative electrode potentials, 25 
Methanesuifonates, reduction, 90, 9 1 
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Methanol 

proton donor in reductions with alkali 
metals, 26, 48 

solvent in hydrogenations, 1 1 
in reductions with chromous salts, 30 
with sodium, 26 

Metkoxybenzaldehyde, reduction, 100 
B-Methoxy-9’bord>icyclc{33J]nonan€ 
in reduction of esters to alcohols, 155 
4-Methoxycarbonyl-3~indolylmethyl-acetamU 
domalonic acid from its dibenzyl ester, 
150 

Methylaldimines from carboxylic acids, 1 37 
Methyiamine 

from ammonium chloride and formalde- 
hyde, 36, 136 

solvent in electroreduction, 48, 210 
dissolving metal reduction, 26, 48 
Methylaminoethylbenzene^ from acetophen- 
one, 136 

Methylanisole, from anisaldehyde, 100 
Methyl benzyl ketoxime^ from 2-nitro-l- 
phenylpropene, 71 

Methylbutene, hydrogenation heat and rate, 5 
Methyl caproate, reduction, 149 
Methyl cirmamate, reduction, 158 
Methylcinnoline, reduction, ^ 
Methylcyclohexane 
from 1-methylcyclohexene, 210 
toluene, 47 

Methylcyclohexanols, from methylcyclohex- 
ene oxide, 84 

Methylcyclohexanone oxime y reduction, 133 
MethylcyclohexenCy reduction, 210 
Methylcyclohexene oxide^ reduction, 84 
Methylcyclohexylaminey from methylcyclo- 
hexanone oxime, 133 

Methylene group^ by reduction of carbonyl, 34, 
130, 131, 143, 144 

Methylenemethylcyclohexane, hydrogenation, 
40 

Methyl ethyl ketone, reduction, 108, 209 
Methyl group, from aldehyde group, 97, 100- 
102, 106 

Methyl hexanoate, reduction, 149 
Methylhexanol, from methylisoamyl ketone, 
108 

Methylhexanone, reduction, 108 
Methyl hexyl ketone, reduction, 108 
Methyl hydrocinnamate, from methyl cinna- 
mate, 158 
Methylindole 
from indolealdehyde, 106 
methylcinnoline, 60 
reduction, 57 

Methylindoline, from methylindole, 57 
Methyl isoamyl ketone, reduction, 1 08 
Methyl isopropyl ketone, from acetylacetone, 
127 

Methyl ketones, from trichloromethyl ketones, 
123 

Methyl ketopiperidine, reduction, 1 19 
Methyl laurate, reduction, 211 
Methyl mercaptan, reducing agent, 32 
Methylnaphthalene, from naphthaldehyde, 106 
Methyl nonyl ketone, reduction, 108 
Methyloctahydroindole, 57 



Methyl octyl ketone, reduction, 108 
Methylphenylcarbinol 
from acetophenone. 111 
reduction, 79 

N'methylpicolinium halides, reduction, 56 
N-methylpipecoline, from N-methylpicolinium 
halides, 56 

Methylpiperidine, from methylketopiperidine, 
119 

Methyl propyl ketone, reduction, 108 
Methylstyrylcarbinol, from benzalacetone, 121 
Methyl terhbutyl ketone, reduction, 108 
N-methyltetrahydropicolines from N-methyl- 
picoUnium halides, 56 

Methylteirahydrothiophene, from oxotetrahy- 
drothiopyran, 119 

Methyl thiolbenzoate, reduction, 1 64 
Microorganisms, in biochemical reductions, 
37, 108, 111, 120, 142 
Mixing, effect in hydrogenation, 1 2 
Molecular sieves, removal of peroxides, 85 
Molybdenum sulfide 
hydrogenation catalyst, 4, 9 
hydrogenation of 

alcohols to hydrocarbons, 76, 77, 184 
aromatic ketones to hydrocarbons, 112, 
191 

Molybdenum trichloride 
preparation, 31, 88 

reduction of sulfoxides to sulfides, 88, 187 
Molybdenyl chloride 

reduction to molybdenum trichloride, 88 
Monoethyl adipate, reduction with borane, 209 
Monoisocampheylborane, synthesis, 1 5 
Monothioketals 

reduction to ethers, sulfides, 130, 131, 194 
Mossy zinc 

preparation of zinc amalgam, 28, 213 



N 

Naphthaldehyde, reduction, 106 
Naphthalene 

reduction, 26, 50, 51, 779 
resonance energy, 46 
Naphthalene rings 

reduction in alkyl aryl ethers, 82, 83 
Naphthoic acids, partial reduction, 140 
Naphthols, reduction, 80, 81, 211 
Naphthylamines, reduction, 93 
NB-Enanthrane, 15, 16, 122 
reduction of acetylenic ketones, 122 
Nef's reaction, 70 
Nic catalysts, 9 
hydrogenation of alkenes, 39 
alkynes, 44, 45 
Nickel 

See also Raney nickel 
Nickel 

catalyst in hydrogenation, 4-6, 8, 9, 205 
hydrogen transfer, 35, 36 
cathode in electroreduction, 24 
of alkynes, 45 
desulfurization of 
disulfides, 87, 187 
mercaptals, 104, 790 
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Nickel — cont, 

desulfurization of—cont. 
mercaptans, 86, 87 , 187 
mercaptoles, 130, 131 , 194 
sulfides, 86, 87 , 187 
thiols, 86 , 187 

hydrogenation activation energy, 4 
hydrogenation of 

acetylenes to alkenes, 43, 44 , 178 
acetylenic carboxylic acids, 138, 795 
acyl chlorides to aldehydes, 145 
aldehydes, 6, 96, 97 , 189 
aldimines, 105 , 190 
aldoximes, 106 , 190 
alicyclic ketones, 107, 108 
alkanes, 39 , 178 
alkenes, 6, 39-41 , 178 
alkyl haUdes, 63 , 181 
alkynes to alkanes, 6, 43, 46 , 178 
alkynes to alkenes, 43, 44 , 178 
amines to hydrocarbons, 92 , 188 
amino esters, 161 , 198 
aromatic acids, 139, 140 , 195 
aldehydes, 99, 100 , 189 
amines, 92, 93 , 188 
esters, 157, 158 , 197 
ketones, 110-112 , 191 
rings in hydroxy compounds, 80 
aziridine, 92 
benzene, 46, 47 , 179 
benzimidazole(s), 60 
benzyl alcohols, 79 , 184 
carbazole, 57 

carbocyclic aromatics, 46-53 , 179 
carbonyl to methyl, 101 , 189 
to methylene, 112 
cinnamaldehyde, 101, 102 
cyclic ethers, 81, 82 , 185 
cyclic ketones, 113 
cycloalkanes, 39-41 , 178 
dienes to alkenes, 42 , 178 
esters to alcohols, 154 , 197 
furan, 53 , 180 
geminal dihalides, 64 , 181 
halides, 6, 63, 66 , 181 
halo acids, 141, 142 , 196 
halo alcohols, 81 
halo aromatics, 67 , 181 
halo esters, 159 , 198 
halohydrins, 81, 754 
halonitro compounds, 75 
hydrazines, 95 , 188 
hydroperoxides, 84, 85 , 186 
hydroxy amines, 94 
hydroxy esters, 160 , 198 
imides to lactams, 169, 799 
indole, 57 , 180 
keto acids, 143 , 196 
keto esters, 161 , 198 
ketones, 6, 107-111, 797 
ketoximes, 132, 133, 794 
naphthalene, 50, 779 
naphthols, 80 

nitriles to aldehydes, 173, 200 
to amines, 6, 173, 174 , 200 
nitro compounds, 5, 73, 74 , 182 
nitro esters, 160 , 198 



Nickel— cont. 

hydrogenation of— com, 
olefinic acids, 138, 795 
aldehydes, 97, 98 , 189 
esters, 156-158, 797 
ketones, 119, 121 , 191 
nitriles, 175 , 200 
sulfones, 88 
organometallics, 176 
peroxides and hydroperoxides, 84 , 186 
phenanthrene, 52, 53, 779 
phenols, 80 , 184 
pyridine, 54 , 180 
pyrrole(s), 53, 54 , 180 
quaternary ammonium salts, 93 , 188 
quinoline, 58 , 180 
styrene, 49, 779 
sulfonyl esters, 90, 91 , 187 
thiophene, 53 , 180 
trigeminal halides, 64 
vicinal dihalides, 65 , 181 
vinyl halides, 66 , 181 
reductive amination, 134, 135 
Nickel acetate, reduction to nickel, 8, 43, 107 
Nickel-aluminum alloy, 8, 28 
reduction of 

aliphatic ketones, 107, 108, 797 
aromatic aldehydes, 100 , 189 
aromatic ketones, 1 10, 1 1 1, 797 
olefinic aromatic acids, 141, 795 
ketones, 119, 121,797 
Nickel boride 

desulfurization of disulfides, 87 , 187 
mercaptans, 86 , 187 
sulfides, 86, 87 , 187 
hydrogenation catalyst, 8 
hydrogenation of 
alkenes and cycloalkenes, 42 , 178 
alkynes to alkenes, 43, 44 , 178 
dienes to alkenes, 42 , 178 
nitriles to amines, 174 , 200 
Nickel bromide, reduction to nickel, 43 
Nickel chloride, reduction to nickel, 9, 131 
Nickel nitrate, preparation of catalyst, 8 
Nickel on kieselguhr, catalyst in hydrogena- 
tion, 8 

Nickel sulfide, 86 

from Raney nickel and sulfur compounds, 
10 

Nicotine, reduction, 56 
Nitriles 

from olefinic nitriles, 175 , 200 
hydrogenation to amines, 6 
reduction to aldehydes, 30, 173 , 200 
amineis, 173, 174, 200, 207, 208 
stoichiometry in hydride reductions, 18, 19 
Nitriles, olefinic, reduction, 175 
Nitro acids, reduction, 142 , 196 
Nitro alcohols 
from nitro acids, 142 , 196 
nitro aldehydes, 103 , 190 
nitro esters, 159, 160 , 198 
nitro ketones, 123 , 192 
reduction, 81, 784 
Nitro aldehydes, reduction, 103 , 190 
Nitro amides, reduction, 170. 799 
Nitro amine oxides, reduction, 95 
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Nitro amines 

from nitro azides, 76, 183 
reduction, 93, 94, 188 
Nitroanisidine 

from dinitroanisole, 74 
Nitro azides, reduction, 76, 183 
p-Niirobenzaldehyde 

from p-nitrobenzoyl chloride, 208 
reduction, 100, 103 
Nitrobenzene 

from nitrobenzene diazonium chloride, 76 
reduction, 72, 73, 213 

Nitrobenzenediazonium chloride, reduction, 76 
Nitrobenzoic acid, reduction, 142 
Nitrobenzoyl chloride, reduction, 208 
Nitrobenzyl alcohol 
from nitrobenzaldehyde, 100, 103 
from nitrobenzoic acid, 142 
Nitro compounds 

conversion to hydroaromatic amines, 74, 182 
from nitro diazonium compounds, 75, 183 
hydrogenation, 6, 69, 182 
reduction, 28, 30-32, 36, 69-75, 182 
mechanism, 69, 7 1 
reduction to 

amines, 36, 69, 71, 73-75, 182, 213, 216 
azo compounds, 36, 72, 182 
azoxy compounds, 31, 36, 72, 182 
hydrazo compounds, 72, 182, 213 
hydroxylamines, 72, 182 
oximes, 69-71, 182 

Nitrocyclohexane, reduction to cyclohexanone 
oxime, 70 

Nitrodiazonium compounds 
reduction to nitro compounds, 75, 183 
Nitro esters, reduction, 1 59, 1 60, 198 
Nitrogen-nitrogen bond, cleavage, 94 
Nitrogen-oxygen bond, reduction, 94 
Nitro groups, reduction, 69-75 
in acids, 142, 196 
aldehydes, 103 
amines, 93 
disulfides, 87, 88 
esters, 1 59, 198 
oximes, 133 
sulfonic acids, 90 

Nitro ketones, reduction, 123, 124, 192 
Nitro nitriles, reduction, 175, 200 
Nitrophenols, reduction, 81 
Nitrophenylenediamine, from dinitroaniline, 74 
Nitrophenylhydrazine, from nitrobenzene- 
diazonium chloride, 76 

2-Nitro‘l-phenylpropane, from 2-nitro-l- 
phenylpropene, 7 1 

2-Nitro-l-phenylpropene, reduction, 71 
Nitropiperidine, reduction, 94 
Nitroso amines, reduction, 93, 94, 188 
Nitroso compounds 
from hydroxylamines or amines, 72 
nitro compounds, 7 1 
reduction, 32, 33, 35, 75, 183 
tautomerization, 75 
Nitroso group 

by reduction of nitro group, 72 
reduction in amines, 93 
Nitrosophenols, reduction, 81 
Nitrosopiperidine, reduction, 94 



Nitrotoluidine, from dinitrotoluene, 74 
Noble metal catalysts, 10 
in hydrogenation of 
alkenes, 39, 40 
aromatic aldehydes, 101 
Nomenclature of hydrides, 17 
Nonanal, reduction, 97 
Nonanol, from nonanal, 97 
Non-metal compotmds, reducing agents, 31-35 
Nopol, reduction, 78 
Nopol benzyl ether 

addition of 9-borabicyclo[3.3.1]nonane, 15, 
16 

conversion to chiral enanthrane, 122 
Norborneol, from norcamphor, 115, 116 
Norcamphor, reduction, 115, 116 
Nucleophiles 
catalyst inhibitors, 10 
complex hydrides, 1 9 
tetrahydroaluminate ion, 1 7 



O 

Octadecanol, from alkyl oleates, 1 53 
Octahydroacridine, from acridine, 59 
Octahydroanthracene, from anthracene, 51 
Octahydrobenzopyran, from coumarin, 158 
Octahydrobenzo\f]quinoline, from tetrahydro- 
benzo[f ]quinoline, 59 
Octahydrocoumarin, from coumarin, 1 58 
Octahydroindole, from indole, 57, 180 
Octahydromethylindole, from methylindole, 57 
Octahydronaphthalenedione, biochemical re- 
duction, 218 

Octahydronaphthalenes, from naphthalene, 50, 

51 

Octahydrophenanthrene, from phenanthrene, 

52 

Octahydrophenanthridine, from tetrahydro- 
phenanthridine, 59 

Octahydrophenanthroline, from phenanthro- 
line, 62 

Octahydroquinoline, from quinoline, 58 
Octalin, from naphthalene, 50, 51 
Octanal, reduction, 97 
Octane 

from halooctanes, 63, 64 
octanone, 108 
octylbromide, 210 

Octanenitrile, reduction to octylamine, 207 
Octanethiol, desulfurization, 217 
Octanol 

from methyl hexyl ketone, 108 
octanal, 97 

Octanone, reducfion, 108 
Octenoic acid, frOm octynoic acid, 1 38 
Octylamine, from octanenitrile, 207 
Octyl bromide, reduction, 64, 210 
Octyl chloride, reduction, 63 
Octyl iodide, reduction, ^ 

Octyl mercaptan, desulfurization, 217 
Octynoic acid, reduction, 138 
Octynol, from octynone, 122 
Octynone, reduction, 122 
Olefinic acids 

from acetylenic acids, 138, 141, 195 
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Olefinic acids — con t . 

reduction, 138, 140, 795, 212 
Olefinic alcohols 

from acetylenic acids, 134, 141 , 195 
acetylenic esters, 159 , 197 
olefinic aldehydes, 98, 102 , 189 
olefinic ketones, 120, 121 , 191 
reduction, 77, 78, 80 , 184 
Olefinic aldehydes, reduction, 10, 97-99, 189 
Olefinic amides, reduction, 169, 199 
Olefinic amines 
from olefinic nitriles, 175, 200 
reduction, 92 , 188 
Olefinic azides, reduction, 76 , 183 
Olefinic compounds 

^e also under specific compounds, olefinic 
Olefinic esters 

from acetylenic esters, 159 , 197 
reduction, 156-158,797 
Olefinic ethers, reduction, 82 , 185 
Olefinic halides, reduction, 66, 67 , 181 
Olefinic ketones 

from acetylenic ketones, 122, 128 , 191 
reduction, 1 19-122, 797 
Olefinic nitro compounds, reduction, 70, 71, 
182 

Olefinic peroxides, reduction, 84, 85, 186 
Olefins 
See Alkenes 

Oley I alcohol, from alkyl oleates, 153 
One-electron reduction 
of aromatic ketones, 1 12 
olefinic ketones, 1 2 1 , 1 22 
Optically active compounds 
by catalytic hydrogenation, 5 
biochemical reduction, 37 
reduction with chiral hydrides, 100 
Organic compounds, reducing agents, 35-37 
Oraanolead compounds, hydrogenation, 1 76 
Organolithium compounds, hydrogenation, 4, 
176 

Organomagnesium compounds, hydrogenation, 
176 

Organomercury compounds, reduction, 1 76 
Organometallic compounds 
reducing agents, 36 
reduction, 176 

Organozinc compounds, hydrogenation, 1 76 
Ortho esters, reduction to acetals, 163 , 198 
Osmium 

hydrogenation activation energy, 4 
hydrogenation of aromatic aldehydes, 102, 
189 

carbocyclic aromatics, 47 
olefinic aldehydes, 98 , 189 
Overvoltage, 24 
Oxazines, hydrogenolysis, 95 
Oxides 

See specific metal oxide or Ethers, cyclic, 
197 

Oxides, from endoperoxides, 85 
Oxides of metals, catalyst for hydrogenation, 
4,9 

Oxido ketones 
See Epoxy ketones 
Oxime esters, reduction, 133 
Oxime ethers, reduction, 133 



Oximes 

See also Aldoximes, Ket oximes or Oximino 
compounds 
Oximes 

by tautomerization of nitroso compounds, 
75 

from nitro compounds, 69-71, 182 
hydrogenation to amines, 6 
reduction, 190, 194 
Oximes of 

keto esters, reduction, 163 , 198 
keto nitriles, reduction, 175 
Oximino esters, reduction, 163 , 198 
Oximino nitriles, reduction, 175 
Oxiranes 
See Epoxides, 186 

Oxotetrahydrothiopyran, reduction, 1 19 
Oxygen-oxygen bond, reduction, 84 , 186 
Ozonides, reduction, 32, 85, 86 , 186 



P 

Palladium 

catalyst deactivator, 10 
catalyst in hydrogenation, 4-7, 205, 206 
hydrogen transfer, 13, 36, 151, 206 
cathode in electroreduction, 24 
deoxygenation of amine oxides, 94, 95 , 188 
sulfoxides, 88 , 187 
hydrogenation activation energy, 4 
hydrogenation of 

acetylenic alcohols, 78 , 184 
esters, 1 59, 797 
ketones, 122, 797 

acyl chlorides to aldehydes, 144, 145 , 196 
aldehydes, 6, 101, 102 , 189 
aliphatic ketones, 1 07 , 191 
alkenes, 6, 40 , 178 
alkyl dialkyl isoureas, 77 
alkyl halides, 63 , 181 
alkynes, 6, 43-45 , 178 
allyl halides, 66 , 181 
amine oxides, 94, 95 , 188 
aromatic acids, 140, 795 
aldehydes, 99, 101, 102 , 189 
ketones, 109, 110, 112, 797 
aryldialkylisoureas, 79 
aryl halides, 67 , 181 
azides, 6, 76 , 183 
azido esters, 160, 198 
azo compounds, 95, 96 , 188 
benzyl alcohols, 79 , 184 
amines, 93 , 188 
carbamates, 151 
carbonates, 151 
esters, 150, 151, 797 
ethers, 82, 103 , 185 
halides, 66 , 181 
benzyloxy aldehydes, 103 , 190 
carbocychc aromatics, 47, 49 , 179 
carbonyl to methyl, 101 , 189 
carbonyl to methylene, 1 12, 797 
cinnamyl-type alcohols, 80 , 184 
cycloalkenes, 40 
diazines, 60 

diazo ketones, 124 , 192 
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Palladium — com. 
hydrogenation of—cont. 
esters, 150, 151, 197 
furan, 53, 180 
geminal dihalides, 64, 181 
haUdes,6, 11,63-67, 181 
halo acids, 141, 142, 196 
aromatics, 67, 181 
esters, 159, 198 
ketones, 123, 192 
nitro compounds, 74 
heterocychc aromatics, 53, 54, 58, 180 
heterocyclic rings in aromatic ketones, 
113 

hydrazo compounds, 95, 188 
hydroperoxides, 84, 85, 186 
imides, 169, 199 
indazole(s), 60 
ketals to ethers, 130, 194 
keto acids, 143, 196 
ketones, 6, 109, 110, 112, 191 
ketoximes, 132, 133, 194 
nitro compounds, 6, 72-74, 182 
esters, 1 59, 198 
ketones, 124, 192 
olefinic acids, 138, 195 
aldehydes, 97, 98, 189 
esters, 156, 197 
ketones, 119, 191 
nitriles, 175, 200 
nitro compounds, 71, 182 
peroxides, 84, 85, 186 
sulfones, 88 

oximes, 6, 132, 133, 194 
oximino esters, 163, 198 
ozonides, 85, 86, 186 
peroxides and hydroperoxides, 84, 85, 186 
phenanthroline, 62 
phenazine, 62 
phenylacetylene, 50, 179 
pyridine, 54, 180 
pyrrocoline, 57 
quinoline, 58, 180 
quinones, 128, 129, 193 
styrene, 49, 179 
trigeminal halides, 64 
vinyl halides to alkyl halides, 66, 181 
inhibitor, 10 

on barium sulfate, catalyst, 6, 7, 10 
calcium carbonate, 6, 7, 10 
charcoal, 6, 7 

poly(^-S-aspartate) or -glutamate, 5 
strontium carbonate, 7 
preparation of catalyst, 7, 205, 206 
Palladium oxide, 1 

hydrogenation of cinnamyl alcohol, 80 
P-1, P-2 catalyst in catalytic hydrogenation, 8, 
9 

Pelargonaldehyde, reduction, 97 
Pentafluorocyclobutene, reduction, 67 
Pentane, solvent in hydrogenation, 1 1 
Pentanol, from pentanone, 108 
Pentanone, reduction, 108 
Pentene, hydrogenation heat and rate, 5 
Pentenol, from epoxypentene, 84 
Perchloric acid, in hydrogenation, 1 1 
Per hydroacridine, from acridine, 59 



Per hydroanthracene, from anthracene, 52, 179 
Perhydroaromatics 

from aromatics, 50-52, 58, 59, 61, 779 
Perhydrophenanthrene, from phenanthrene, 
51,779 

Peroxides, reduction, 33, 35, 84, 85, 186 
removal from ethers, 85 
Peroxy acids, reduction, 85 
pH, effect on hydrogenation, 5, 11, 120 
Phenanthrene, reduction, 52, Si, 179 
Phenanthridine, reduction, 59 
Phenanthroline, reduction, 62 
Phenazine, reduction, 62 
Phenols 

conversion to chlorobenzoxazoles, 79 
phenylchlorotetrazole, 79 
distillation with zinc, 79 
from sulfo esters, 90 
hydrogenation, 80, 184 
reaction with cyanogen bromide, 79 
reduction, 32, 76, 78-81, 184 
Phenylacetaldehyde ethylene mercaptal 
desulfurization, 105 
Phenylacetaldehyde phenylenemercaptal 
desulfurization, 105 
Phenylacetylene, reduction, 49-50, 7 79 
Phenylbenzimidoyl chloride, reduction, 172 
Phenylbutanol, from benzalacetone, 121 
Phenylbutanone 
from benzalacetone, 121 
benzoylacetone, 127 
Phenylbutene, from benzalacetone, 121 
Phenylbutenol, from benzal acetone, 121 
Phenylbutyric acid, from benzoyl propionic 
add, 143 

Phenylbutyrolactone, from benzoyl propionic 
acid, 143 

Phenyl esters, reduction to aldehydes, 148, 149 
Phenylethanediol, from ethyl mandelate, 154 
Phenylethanol, from acetophenone, 109, 111 
Phenylethanolamine, from diazoacetophen- 
one, 124 

Phenylethylamine, from acetophenone, 136 
Phenylhydroxylamine, from nitrobenzene, 72 
Phenylpropanol 
from alkyl cinnamates, 158 
cinnamyl alcohol, 80 

Phenylpropene, from cinnamaldehyde, 106 
Phenylpyrrole, reduction, 54 
Phenylpyrrolidine, from phenylpyrrole, 54 
Phenylstyrylcarbinol, from l^nzalacetophen- 
one, 121 

Phenylsulfonyltriphenylethylene, reductive 
cleavage, 89 

Phenylthiodesoxybenzoin, from benzil diphen- 
ylmercaptole, 131 

Phosphines, reduction of hydroperoxides, 85 
Phosphite, trialkyl, desulfurization with, 217 
Phosphonium iodide 
reducing agent, 34, 35 
reduction of pyrrole(s), 54, 180 
sulfonamides, 91, 92, 187 
Phosphorus 

conversion to phosphonium iodide, 34 
in reductions with hydriodic acid, 31, 69, 

215 

Phosphorus compounds, reducing agents, 34, 35 
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PhthalazinCy reduction, 61 
Phthalic anhydride, reduction, 147 
Phthalide, from phthalic anhydride, 147 
Phthalimide, reduction, 169 
Phthalimidine, from phthalimide, 169 
Phthalyl alcohol, from phthalic anhydride, 147 
Physical constants of metals, 25 
Pinacolone, reduction, 108 
Pinacols 

from aliphatic ketones, 109 , 191 
alkylpyridyl ketones, 1 1 1 
aromatic aldehydes, 101 
ketones, 1 12 , 191 
cyclic ketones, 118 
ketones, 23, 29, 212 
in catalytic hydrogenation, 1 10 
intermediates in deoxygenation of ketones, 
109 

reduction of diketones, 127 
B-3-Pinanyl-9-borabicyclc[3.3.1]nonane,{3~ 
pinanyl-9-BBN) 
preparation, 15, 16 
reduction of aldehydes, 96, 99, 100 
OrPinene 

preparation of diisopinocampheylborane, 
16 

^-3-pinanyl-9-borabicycIo[3.3.1]-nonane, 

16 

Piperidine 

from pyridine, 55 , 180 
poison in catalytic hydrogenation, 1 1 
solvent of hydrogen sulfide, 32 
Platinum 

activation ener^ in hydrogenation, 4 
by reduction with sodium borohydride, 6 
catalyst in hydrogen transfer, 13 
cathode in electroreduction, 24 
deactivation, 10 

electrodes in electroreduction, 48, 210 
hydrogenation of 
acetylenic aromatic acids, 141 , 195 
acetylenic esters, 1 59 , 197 
acridine, 59 

acyl chlorides to aldehydes, 145 , 196 
aldehydes, 6, 96 , 189 
aldimines, 105 , 190 
aliphatic ketones, 107 , 191 
alkanes, 39 , 178 
alkenes, 6, 40 , 178 
alkyl halides, 63 , 181 
alkynes to alkanes, 6, 46 , 178 
allyl halides, 66 , 181 
amides to alcohols, 166 , 199 
aromatic acetylenic acids, 141 , 195 
aromatic aldehydes, 99 , 189 
aromatic amines, 92, 93 , 188 
aromatic ketones, 109, 1 10, 112, 113 , 191 
aromatic nitro compounds to hydroaro- 
matic amines, 74 , 182 
aromatic olefinic aldehydes, 102 , 189 
azides, 6, 76 , 183 
benzene, 46, 47 
benzimidazole(s), 60 
benzo[f jquinoUne, 59 
benzyl alcohols, 79 
benzyl amines, 93 

carbocyclic aromatics, 6, 46, 47, 50 , 179 



Platinum — com, 
hydrogenation oi~cont, 
cinnamyl alcohol, 80 , 184 
cycloalkanes, 39 , 178 
cyclic ketones, 113 
dehydroquinolizinium salts, 58 
diazo esters to amino esters, 160 , 198 
dienes, 42, 178 
epoxides, 83 , 186 
ethers, 82 

geminal dihalides, 64 , 181 
heterocyclic aromatics, 6, 53, 54, 56, 58, 
180 

hydrazones, 133 
hydroperoxides, 84 , 186 
imidazole(s), 60 
indazole(s), 60 
indole, 56 , 180 
isoquinoline, 58 , 180 
keto esters, 161 , 198 
ketones, 6, 107, 109, 110, 119 , 191 
ketoximes, 132, 133 , 194 
lactams, 168 , 199 
naphthalene, 50 , 179 
nitriles to amines, 174 , 200 
nitro alcohols, 81 , 184 
nitro compounds, 6, 69, 70, 73 , 182 
olefinic aldehydes, 98 , 189 
amides, 169 , 199 
amines, 92 , 188 
halides, 66, 181 
ketones, 1 19 , 191 
nitriles, 175 , 200 
nitro compounds, 70 , 182 
oximes, 6, 133 , 194 
oximino nitriles, 1 75 
peroxides and hydroperoxides, 84 , 186 
phenols, 80 , 184 
pyrrole(s), 53, 54 , 180 
Platinum black, hydrogenation catalyst, 1 
Platinum colloidal, hydrogenation catalyst, 5 
Platinum dioxide 
See Platinum 

Platinum on carbon, catalyst, 10 
Platinum oxide 
See also Platinum 
Platinum oxide 

hydrogenation of pyridine ring, 54 , 180 
pyrrole(s), 54 , 180 
quinoline, 58 , 180 
quinones, 128 , 193 
vinyl halides, 66 , 181 
in reductive amination, 1 35 
Platinum-rhodium oxide, hydrogenation of 
aromatic rings, 47, 80, 113 
cinnamyl alcohol, 80 , 184 
ketones, 107, 109 , 191 
nitro compounds, 73 , 182 
phenols, 80 , 184 

Platinum sponge, hydrogenation catalyst, 5 
P-1 nickel 

hydrogenation of alkenes and cycloalkenes, 
39,40 

alkynes to alkenes, 43, 44 
dienes, 42 

P-1 nickel boride catalyst, 8, 9 
Polyenes, reduction, 42, 43 , 178 
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Polyfiuoro aromatics, reduction, 67 
Polyhalides, geminal, reduction, 64, 65, 216 
Polyhydric alcohols, hydrogenolysis, 77, 184 
Polymerization, in reductions of dienes and 
polyenes, 42, 43 
Potassium, 

electrochemical potential, 25 
physical constants, 25 
reducing agent, 25, 26 
reduction of 

alkynes to alkenes, 45, 178 
benzene, 48, 179 
dienes to alkenes, 42, 178 
naphthalene, 50, 179 
titanium trichloride to dichloride, 30, 77, 
109, 112 

vinyl ethers, 82, 185 
solubility in ammonia, 26 
Potassium aluminum hydride, reduction of es- 
ters to aldehydes, 148, 197 
Potassium azodicarboxylate, conversion to 
diimide, 33 

Potassium borohydride 
preparation, 14 
reduction of 
ketimines, 132, 194 
olefinic esters, 1 58, 197 
pyridinium salts, 56 
Potassium graphite 
reduction of aldimines, 105, 190 
olefinic ketones, 120, 121, 191 
Potassium hydroxide, in hydrogenolysis of hal- 
ogens, 1 1 
Potassium sulfite 

reduction of diazo esters, 160, 198 
Potassium tert-butoxide 
catalyst in hydrogenation, 109 
in decomposition of hydrazones, 1 1 8 
Potassium tri(sec~butyl)borohydride, 15 
Prelog’s rule. 111, 118 
Procedures, 201-218 

Pro-chiral ketones, reduction to chiral alco- 
hols, 107, 108, 111 
Product development control 
in reduction of cyclic ketones, 20, 114 
Product isolation 
in hydrogenation, 12, 13 
reduction with complex hydrides, 21, 22 
Product stability control, in reduction of cyclic 
ketones, 114 

Propanedithiol, reduction of azides, 76, 183 
Propargylic alcohols, reduction, 78 
Propargylic halogen, replacement with hydro- 
gen, 66 

Propiophenone, reduction to propylbenzene, 

216 

Propylbenzene 
from cinnamyl alcohol, 80 
propiophenone, 216 
Protonation 
in electroreduction, 23 
reductions with metals, 23 
Proton donors, in dissolving metal reductions, 
26, 43 

Pyrazine ring, reduction with sodium hydro- 
sulfite (dithionite), 33 
Pyrazines, reduction, 60 



Pyrazole, reduction, 60 

Pyrazoline, from pyrazole, 60 

Pyr azolines, in Wolff- Kizhner reduction, 102 

Pyridazines, reduction, 60 

Pyridine 

catalyst deactivator, 122 
electroreduction, 55 
reduction, 1 1, 54-56 
mechanism, 55 
with formic acid, 36 

lithium aluminum hydride, 55 
sodium, 55, 56 

solvent in reductions with hydrogen sulfide, 
32, 216 
Pyridine ring 
hydrogenation, 70 
r^uction, 56, 57, 59 
in pyridyl ketones, 1 1 3 
quaternary salts, 56 
quinolines, 57, 58 

Pyridine side chains, olefinic, reduction, 56 
Pyridine-sulfur trioxide, in reduction of allylic 
alcohols, 78 

Pyridinium salts, reduction, 36, 56 
Pyridones, reduction to piperidines, 170 
Pyrimidines, reduction, 60 
Pyrophoric catalysts, 8, 12 
Pyrrocoline, reduction, 57 
Pyrrole, reduction, 53, 54, 180 
Pyrrole ring, reduction, 35, 56, 57, 113, 153 
Pyrrolidine 
from pyrrole, 53, 180 
hydrogen donor, 13 
Pyrrolidone, from succinimide, 169 



Q 

Quaternary ammonium salts, reduction, 93, 188 
Quaternary pyridinium salts, reduction, 35, 56 
Quinazolines, reduction, 61 
Quinoline, deactivator of palladium, 44, 45 
Quinoline{s), reduction, 36, 57, 58, 180 
Quinoline-S, catalyst deactivator, 7, 144 
Quinolizidine, from quinolizinium iodide, 58 
Quinolizinium iodide, reduction, 58 
Quinones, reduction, 30-33, 128, 129, 193, 214 
Quinoxalines, reduction, 61 



R 

Radical anions, in electroreduction, 23 
Raney cobalt, hydrogenation catalyst, 9, 175, 
200 

Raney copper, hydrogenation catalyst, 9 
Raney iron, hydrogenation catalyst, 9 
Raney nickel 

catalyst in hydrogenation, 8 
hydrogen transfer, 13, 34 
cleavage of sulfo esters, 90, 91, 187 
deactivation, 104, 131, 205 
desulfurization of 
disulfides, 87, 187 
dithio esters, 164, 198 
dithioketal esters, 1 62 
mercaptals (dithioacetals), 104, 190 
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Raney nickel — cont. 
desulfurization of— 
mercaptans, 86 , 187 

mercaptoles (dithioketals), 130, 131 , 194 
monothioketals, 130 , 194 
sulfides, 86, 87 , 187 
sulfones, 87 , 187 
thioamides, 171, \12,200 
thiol esters, 164 , 198 
effect of amount, 1 1 
hydrogenation 

Sw Nickel, hydrogenation 
hydrogenation catalyst, 5, 6, 8, 9 
preparation, 28 
pyrophoric catalyst, 13 
removal of sulfur, 10 
Raney process, 8 

Raney zinc, hydrogenation catalyst, 9 
Rate of hydrogenation, 4-7, 11,12 
of alkenes, 39, 40 
benzene homologs, 46 
multiple bonds, 43 
Rearrangements in 
catalytic hydrogenation, 10 
reductions of alcohols, 77, 78 
diketones, 126 
tosyl hydrazones, 106 
Red Al, handling, ignition, 1 5, 20 
Reduction 

See also Deoxygenation, Desulfurization and 
Hydrogenation 
Reduction by 

catalytic hydrogenation, 1-13, 201-206 
catalytic hydrogen transfer, 1 3, 206 
electrolysis, 22-25, 210 
hydrides and complex hydrides, 13-22, 206 - 
210 

metals and metal compounds, 25-31, 211 - 
215 

non-metal compounds, 31-35, 215-217 
organic compounds, 35-37, 217-218 
Reduction of 

acid anhydrides, 146, 147 , 196 
acid derivatives, 141-174 , 196 
acid esters, 163 , 198 
acids, 136-144 , 195 
acetylenes, 44-46 , 178 
acetylenic ketones, 122 , 191 
acriine, 59 

acyl chlorides, 144-146 , 198 

alcohols, 76-81 , 184 

aldehydes, 17, 96, 97 , 189 

aldimines, 105 , 190 

aldoximes, 106 , 190 

alkanes, 39 , 178 

alkenes, 41, 42, 775 

alkynes and cycloalkynes, 43-46 , 178 

amides, 164-168, 799 

amidines, 171, 200 

amines, 92, 93 , 188 

amino esters, 160, 161, 795 

anthracene, 51 

aromatic aldehydes, 99-103, 759 
aromatic heterocycles, 53-62, 750 
aromatic ketones, 1 12, 113, 797 
aromatic rings by 
electroreduction, 210 



Reduction of — cont, 
aromatic rings \>y—cont. 

reduction with sodium, 21 1 
aryldialkylisoureas, 79 , 184 
azides, 69, 76, 183, 215 
azido esters, 160, 795 
azo compounds, 95, 96, 755 
benzene, 46-49, 779 
carbazole(s), 57 
cinnamaldehyde, 102 
cinnolines, 60 
cyclic ketones, 113-119 
diazo compounds, 69, 75, 76, 75i 
diazo esters, 160, 795 
diazo ketones, 124, 792 
dienes and polyenes, 42, 43, 775 
diketones, 126-128, 193, 218 
dithio esters, 163, 164, 795 
enamines, 92, 755 
epoxides, 83, 84, 756 
ester-acids, 163, 795 
esters, 18, 147-164, 797, 795 
ethers, 81-83 , 185 
halides, 63-68, 757 
halo amines, 93 
halo aromatics, 67-69, 757 
heterocyclic aromatics, 53-62 , 180 
hydrazides, 172, 200 
hydrazo compounds, 95, 755 
hydroxy amines, 94 
hydroxy esters, 160,1 61, 795 
hydroxy ketones, 125, 126 , 193 
imidazole(s), 60 
imides, 164, 168, 169, 799 
imidoyl chlorides, 171, 172, 200 
indole, 56, 57 , 180 
iodo ketones, 214 
isoquinoline, 58 , 180 
ketals, 130 , 194 
ketimines, 132 , 194 
keto amides, 1 70 
keto esters, 160-162, 795 
ketones, 107-122, 797, 209, 213 
ketoximes, 1 32 , 194 
lactams, 164, 168, 799 
lactones, 147, 149, 150, 152, 797 
naphthalene, 26, 50, 51, 779 
nitriles, 173-175, 200 
nitro amides, 1 70 
nitro amine oxides, 95 
nitro amines 93, 94 
nitro compounds, 69-75, 752, 213 
nitro esters, 159 
nitroso amines, 93, 94 
nitroso compounds, 69, 75 , 183 
olehnic acids, 212 
aldehydes, 206 
amides, 169 
esters, 156-159, 797 
ketones, 119-122 , 191 
lactams, 169, 170 
oximino esters, 160, 163, 795 
organometallics, 176 
ortho esters, 163, 795 
oxiranes, 83, 84 , 186 
ozonides, 83, 85, 86 , 186 
peroxides, 83, 84, 85 , 186 
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Reduction of—cont. 
peroxy acids, 85 
phenanthrene, 52, 53 
phenanthridine, 59 
phenanthroline, 62 
phenazine, 62 
phenols, 76, 78-81, 184 
phthalazines, 6 1 

polyhalides with sodium sulfite, 216 
pyridine(s), 54-56, 180 
pyrrole, 53, 180 
quinazolines, 61 
quinoline(s), 57, 58, 180 
quinones, 126, 128, 129, 193, 214 
quinoxalines, 6 1 
sulfonamides, 91, 92, 187 
sulfonyl esters, 90, 91, 187 
sulfoxides, 88, 187 
sulfur compounds, 86-92, 187 
thioamides, 171, 172 , 200 
thioesters, 163, 164, 198 
thioketals, 130, 131, 194 
trigeminal halides, 65 
vinyl amines, 92, 188 
vinyl ethers, 82, 185 
Reduction with 
alane, 208 
alcohols, 217 
alkali metals, 25-27, 211 
aluminum amalgam, 27, 212 
borane, 209 

chromous chloride, 214 
complex hydrides, 13-22, 206-210 
diimide, 33 
diisobutylalane, 208 
formic add, 218 
hydrazine, 33, 34, 216 
hydrides, 13-22 
mechanism, 17-20 
stereochemistry, 1 7, 20 
stoichiometry, 17-19 
hydriodic acid, 31, 215 
hydrogen sulfide, 216 
hypophosphorous acid, 217 
iron, 213 

lithium aluminum hydride, 207 

lithium tri(tert-butoxy)aluminohydride, 208 

low-valence titanium, 215 

magnesium, 27 

metal compounds, 30, 31 

metals, 25-30 

microorganisms, 218 

non-metal compounds, 31-37 

organic compounds, 35-37 

phosphorus compounds, 34, 35 

Raney nickel, 205 

sodium, 21 1 

sodium amalgam, 212 

sodium borohydride, 209 

sodium cyanoborohydride, 210 

sodium dithionite, 216 

sodium hydrosulfite, 216 

sodium naphthalene, 212 

sodium sulfite, 216 

stannanes, 210 

stannous chloride, 214 

tin, 29, 30, 214 



Reduction with — cont. 
titanium dichloride, 30, 215 
titanium trichloride, 214 
triethylphosphite, 217 
triethylsilane, 210 
vanadous chloride, 215 
zinc, 213 

zinc and sodium iodide, 213 
Reductive alkylation, reductive amination, 1 34- 
136, 218 
with acids, 171 

Reductive coupling to alkenes, 101, 109, 112, 
118,759,797,215 

Regioselectivity, in biochemical reductions, 37, 
120 

Relative electrode potentials, of metals, 25 
Removal of peroxides from ethers, 85 
Replacement of diazonium groups by hydrogen, 
75, 76, 183, 217 

Resonance energy, in hydrogenation of aro- 
matics, 46 

Retention of configuration in reductions, 69 
Reverse technique 
See Inverse technique 
Rhenium heptaselenide 

hydrogenation catalyst, 4, 9 
hydrogenation of thiophene, 53 , 180 
Rhenium heptasulfide and heptoxide 
hydrogenation catalyst, 4, 9 
hydrogenation of 
acids, 137, 795 
esters, 154, 797 
nitro compounds, 73 , 182 
phenylacetylene, 49, 779 
thiophene, 53 , 180 
Rhodium 

activation energy of hydrogenation, 4 
deactivation of the catalyst, 10 
hydrogenation catalyst, 4-7 
hydrogenation of 
allyl halides, 66 , 181 
aromatic acids, 140, 795 
aromatics, 6, 47, 54 
indazole(s), 60 
ketals, 130, 131 , 194 
ketones, 107, 1 10 , 191 
ketoximes, 1 32 , 194 
nitriles, 173, 200 
olefinic halides, 66 , 181 
ketones, 1 19, 797 
pyridine, 54 , 180 
quinoline, 58 , 180 
Rhodium chloride 
preparation of catalyst, 7, 47 
Rhodium on 
alumina, 6, 7 
carbon, 6, 7 
phosphines, 5 
Rhodium-platinum oxide 
See Platinum-rhodium oxide 
Ring cleavage in reductions of 
cinnolines, 60 

cyclic ammonium bases, 93 , 188 
cyclic acid anhydrides, 147 , 196 
cyclic ethers, 81 , 185 
cycloalkanes, 39 
epoxides, 83, 84 , 186 
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Ring cleavage in reductions of— con/, 
imides, 168, 169 
a- and ^-lactams, 168 
lactones, 154 , 197 
1,2-oxazines, 95 
phthalazines, 61 
thioketals, 130, 131 

Ring contraction, in Clemmensen reduction, 
118, 119 

Rocking, effect on hydrogenation, 12 
Rosenmund reduction, 7, 10, 144 
Ruthenium 

activation energy in hydrogenation, 4 
hydrogenation catalyst, 4~7 
hydrogenation of 
acids, 137 , 195 
alkenes, 39 , 178 
diketones, 127 , 193 
ketals to ethers, 130 , 194 
ketones, 107 , 191 
Ruthenium dioxide 
hydrogenation of pyridine, 54 , 180 



S 

Saccharides 

desulfurization of mercaptals, 105 
reduction of benzyl thioethers, 86 
lactones, 149 
Saccharomyces cerevisiae 
reduction of keto amides, 170 
hydroxy ketones, 125 
keto esters, 161 

Saccharose, in biochemical reductions, 218 
Salicyl aldehyde, reduction of aromatic 
ketones, 1 10 

Salts of carboxylic acids, reduction to alcohols, 
137 

Santonin, reduction, 162 
Schiff*s bases 

See Aldimines or Ketimines 
Schiff’s bases, from imidoyl chlorides, 172 
5c6acow, reduction, 125 
Selective reduction, of halides, 65 
Selectivity, in catalytic hydrogenation, 7, 11, 
13 

Semihydrogenation of alkynes, 9, 43-45 , 178 
Silica gel 

catalyst support, 6 
in reduction of aldehydes, 97 
Silicon, reduction of nitro compounds to azo 
compounds, 72 , 182 

Sf^2 mechanism, in reduction of halides, 63 
Sodamide, in reduction of diacetylenes, 45 
Sodium 

acyloin condensation, 151, 152 
desulfurization of mercaptals, 104, 105 , 190 
electrochemical potential, 25 
hydrogenolysis of 
benzyl ethers, 82 , 185 
sulfones to sulhnic acids, 89 , 187 
physical constants, 25 
preparation of sodium amalgam, 212 
reduction of 

acetylenes to alkenes, 44 , 178 
aldoximes to amines, 106 , 190 



Sodium — cont. 
reduction of— con/, 
aliphatic ketones, 107-109 , 191 
alkenes and cycloalkenes, 4\, 178 
alkyl aryl ethers to hydrocarbons, 82, 
185 

alkynes, 44, 45, 49, 178, 179 
alkynes to alkenes, 45 , 178 
allyl alcohols, 78 , 184 
allyl amines, 92 , 188 
amides to 

aldehydes, 165, 166 , 199 
amines, 168 , 199 
amidines to aldehydes, 171 , 200 
anthracene, 51, 779 
aromatic acids, at the rings, 140, 795 
amines, 93 , 188 
ethers, 82 , 185 
ketones, 1 13, 797 
aryl halides, 68 , 181 
benzene, 48 , 179 
dienes, 42, 43 , 178 
diphenyl, 48 

double bonds, in side chains, 49 
ester acids, 163 , 198 
esters to 

acyloins, 151, 152, 797 
alcohols, 152, 153, 797 
ethers, 82 , 185 
geminal dihalides, 64 , 181 
halides, 64, 66, 68 , 181 
indole, 56 , 180 
isoquinoline, 58 , 180 
ketones to 

alcohols, 107, 108, 797 
pinacols, 109 , 191 
ketoximes, 132, 133 , 194 
naphthalene, 50, 51, 779 
naphthols, 80, 81 
nitriles to amines, 174, 175, 200 
olefinic alcohols, 77, 78 , 184 
amines, 92 , 188 
esters to alcohols, 158, 797 
phenanthrene, 52, 53, 779 
pyridine, 55, 56 , 180 
pyrrole, 54 
quinolines, 58 , 180 
sulfides, 86 , 187 
sulfonamides, 91, 92 , 187 
vinyl ethers to alkenes, 82 , 185 
reduction with, 25-27, 211 
solubility in ammonia, 26 
Sodium aluminate, by decomposition of 
sodium borohydride, 22 
Sodium aluminum hydride 
preparation, 14 
reduction of 

acyl chlorides to alcohols, 146 , 196 
aldimines, 105 , 190 
alkyl halides, 63, 64 , 181 
aromatic acids to alcohols, 139, 795 
esters to alcohols, 154, 797 
to aldehydes, 148, 149, 197 
quaternary ammonium salts, 93 , 188 
pyridium salts, 56 
Sodium amalgam 

preparation of, reduction with, 27, 212 
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Sodium amalgam — cont. 
reduction of — cont, 
acetylenic acids, 141 , 195 
acid anhydrides, 147 , 196 
acids to aldehydes, 137 , 195 
aldimines, 105 , 190 
aldonic acids, 27, 149 
amides to amines, 168 , 199 
aromatic adds to aldehydes, 139 , 195 
to hydroaromatic acids, 140 , 195 
azo to hydrazo compounds, 95 , 188 
cyclic acid anhydrides to lactones, 147, 
196 

diazo esters, 160 , 198 
halo acids, 142 , 196 
keto adds, 143 , 196 
keto esters, 161 , 198 
ketoximes, 132 , 194 
lactones to lactols, 149 , 197 
olefinic acids, 138, 141, 142, 195 , 212 
quatema^ ammonium salts, 93 , 188 
sulfonamides to amines, 91 , 187 
sulfones to sulfinic acids, 89 , 187 
sulfonyl esters, 91 , 187 
trigeminal halides, 65 
Sodium amide 

isomerization of alkynes, 45 
Sodium arsenite 
reduction of 

geminal dihalides to monohalides, 31, 64, 
181 

nitrocompounds to azoxy compounds, 
31,72 , 182 
trigeminal halides, 65 

Sodium bis{2-methoxyethoxy)aluminum hy- 
dride 

handling, 20-22 
ignition, 20 
preparation, 15 

preparation of copper hydride, 120, 175 
reduction of 

acid anhydrides, 147 , 196 
acids to alcohols, 137 , 195 
acyl chlorides to alcohols, 146 , 196 
acyl saccharins to aldehydes, 165 
aldehydes, 96, 97 , 189 
amides to 
alcohols, 166 , 199 
aldehydes, 164-166 , 199 
amines, 167 , 199 
aromatic acids to 
alcohols, 139 , 195 
hydrocarbons, 139 , 195 
aromatic esters to alcohols, 158 , 197 
aromatic ketones, 1 10, 1 1 1 , 191 
aryl halides, 67, 68 , 181 
esters to 

alcohols, 154, 156 , 197 
aldehydes, 148 , 197 
geminal dihalides, 64 , 181 
halo aromatics, 67, 68 , 181 
imides, 168 , 199 
ketimines, 132 , 194 
lactams to amines, 168 , 199 
nitro compounds, 72 , 182 
olefinic esters to 
alcohols, 157, 158 , 197 



Sodium bis{2-methoxyethoxy)aluminum hy- 
dride — cont. 

reduction of olefinic esters to— cow/, 
olefinic ketones, 120, 121 , 191 
pyridium salts, 56 

Sodium bis{2-methoxyethoxy)dihydro- 
aluminate 

See Sodium bis{2-methoxyethoxy)aluminum 
hydride 

Sodium borohydride 
discovery, 13 
explosion, 20 
handling, 20-22 

isolation of products in reductions, 22 
preparation of, 14 
borane, 137, 139, 149, 155, 169, 174 
copper hydride, 16, 145 
nickel catalyst, 97 

palladiiun catalyst (Fig. 2), 2, 101, 202, 
203 

reduction mechanism, 19 
reduction of 
acyl chlorides to 
alcohols, 145, 146 , 196 
aldehydes, 145 , 196 
aldehyde group to methyl group, 102 
aldehydes, 96, 97 , 189 
aldimines, 105 , 190 
aldoactones, 149 
aliphatic ketones, 107, 108 , 191 
amides to 
alcohols, 166 , 199 
amines, 167, 168 , 199 
alkyl halides, 63 , 181 
arenesulfonyl hydrazones, 106 , 190 
aromatic aldehydes to alcohols, 99, 100, 
189 

aromatic ketones to hydrocarbons, 113, 
191 

aryl iodides, 67 , 181 

benzyl alcohols, 79 , 184 

benzyl halides, 67 , 181 

chloroplatinic acid, 6 

cinnamaldehyde, 102 

cyclic acid anhydrides, 147 , 196 

cyclic ketones, 114-116 

diazo acids to acids, 15,196 

diazonium compounds, 142 , 183 

disulfides, 87 , 187 

enamines, 92 , 188 

epoxy acids, 143 , 196 

esters to alcohols, 155, 156 , 197 

halo azides to alkenes, 76 , 183 

halo ketones, 122 , 192 

imides, 168, 169 

indole, 56, 57 , 180 

ketimines, 1 32 , 194 

keto acids to hydroxy acids, 143 , 196 

keto esters to hydroxy esters, 161 , 198 

ketones, 107, 108 , 191 

lactams, 168 , 199 

lactones, 149 , 197 

nickel acetate to nickel, 8, 43 

nickel chloride to nickel, 1 3 1 

nitriles to amines, 174, 200 

nitro diazonium compounds, 75 , 183 

nitro ketones, 123 , 192 

olefinic aldehydes, 98 , 189 
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Sodium borohydride—cont. 
reduction of—cont, 
olefinic— co«/. 
amines, 92 , 188 
esters, 1 57, 1 58 , 197 
ketones, 120, 121 , 191 
nitriles, 175, 200 
nitro compounds, 70 , 182 
organometallics, 176 
quinazolines, 61 
quinones, 1 29 , 193 
quinoxalines, 61 
palladium chloride, 7 
pyridinium salts, 56 
rhodium chloride, 7 
saccharides, 27, 149 
sulfonyl esters, 91 187 
sulfonyl hydrazides to hydrocarbons, 1 72, 
200 

thioamides to amines, 171, 200 
toluenesulfonyl hydrazones of 
aldehydes, 106 
ketones, 108, 118, 134 
vinyl halides to alkenes, 66, 67 , 181 
reductive amination, 135 
with acids, 171 
solubilities, 21 
stoichiometry, 19 
Sodium chloride 
in reductions with iron, 29, 73 
Sodium cyanoborohydride 
handling, 20 
preparation, 15 
reduction of 

acetylenic ketones, 122 , 191 
arenesulfonylhydrazides, 172 , 200 
arenesulfonylhydrazones of 
aldehydes, 106 , 190 
ketones, 108, 121, 134 , 190 
cinnamaldehyde, 102 , 189 
enamines, 92 , 188 
indole, 56, 57 , 180 
isoquinoline, 58 , 180 
keto esters, 162 , 198 
olefinic amines, 92 , 188 
ketones to olefinic alcohols, 120, 121, 
191 

quinoline, 58 , 180 
thioamides to amines, 171 , 200 
reductive amination, 135, 136 
solubilities, 21 
toxicity, 21 

Sodium diethylphosphorotellurate 
reducing agent, 35 
reduction of epoxides, 83 , 186 
Sodium diisobutylaluminum hydride 

reduction of esters to aldehydes, 148, 149, 
197 

Sodium dithionite 

See Sodium hydrosulfite 
Sodium fluoroborate 

preparation of sodium borohydride, 1 4 
Sodium hydride 

preparation of sodium borohydride, 14 
reduction of 

aldehydes, 96 , 189 

nickel acetate to nickel, 9, 43, 107 



Sodium hydrosulfite 
reducing agent, 33 
reduction of 

aliphatic aldehydes, 96, 97 , 189 
aliphatic ketones, 107, 108 , 191 
aromatic aldehydes, 99, 100 , 189 
aromatic ketones, 1 10, 1 1 1, 79/ 
arylarsonic acids, 176 
arylstibonic acids, 176 
azides, 76 , 183 

azo compounds to amines, 96 , 188 
hydrazo compounds, 95 , 188 
ketones, 107, 108 , 191 
nitro alcohols, 81 , 184 
nitro compounds to amines, 73, 182, 216 
nitro phenols, 81 
nitroso compounds, 75 , 183 
nitroso phenols, 8 1 
Sodium hydroxide 
in halogen hydrogenolysis, 1 1 
hydride reductions, 167 
Sodium hypophosphite 
reduction of 

nitriles to aldehydes, 173 , 200 
sulfinic acids to disulfides, 89 , 187 
Sodium hyposulfite 
See Sodium hydrosulfite 
Sodium iodide 
reducing agent, 32 
reduction of 
sulfonyl esters, 91, 213 
sulfoxides, 88 
Sodium naphthalene 
preparation, 91, 212 
reduction of 

sulfonamides, 91, 92, 187, 212 
sulfonyl esters, 91 , 187 
Sodium potassium tartrate 
quenching after reduction with hydrides, 
174 

Sodium stannite 

reduction of diazonium compounds, 75, 
183 

Sodium sulfide 
reduction of 
nitro alcohols, 184 
nitro amines, 93 
nitro compounds, 73 , 182 
sulfonyl chlorides to sulfinic acids, 90 , 187 
Sodium sulfite 
reducing agent, 33 
reduction of 

diazonium compounds to hydrazines, 76, 
183 

geminal dihalides, 64 , 181 
hydroperoxides, 85 , 186 
sulfonyl chlorides to sulfinic acids, 90 , 187 
trigeminal halides, 65, 216 
removal of peroxides, 85 
Sodium tetrahydridoborate 
See Sodium borohydride 
Sodium thiosulfate 

reduction of nitro compounds to oximes, 70, 
182 

Sodium toluenesulfinate, reduction, 89 
Sodium trimethoxy borohydride 
preparation, 15 
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Sodium trimethoxyborohydride-cont, 
reduction of 

acyl chlorides to alcohols, 146 , 196 
aldehydes, 98-100 , 189 
aliphatic ketones, 107 , 191 
aromatic ketones, 110, 111, 191 
cinnamaldehyde to cinnamyl alcohol, 102 
esters to alcohols, 155 , 197 
ketones, 107, 110, 111,797 
nitriles to aldehydes, 173, 200 
amines, 174, 200 

olefinic aldehydes to olefinic alcohols, 98, 
189 

solubility, 21 
Solubility of 

alkali metals in ammonia, 26 
complex hydrides, 21 
Solvents 

in catalytic hydrogenation, 1 1, 12 
in hydride reductions, 21 
Sonn-Muller reduction^ 172 
Sorbic acid, reduction, 1 38 
Sorbic alcohol, from sorbic acid, 138 
Soxhlet apparatus, in hydride reductions, 21, 
167 

Sporobolomycetes pararoseus, biochemical re- 
ductions, 1 1 1 
Stannanes 
preparation, 15, 16 
reduction with, 63, 64, 210 
Stannous chloride 
catalyst activator, 5, 10 
deoxygenation of sulfoxides, 88, 187 , 214 
reduction of 

diazonium compounds, 30, 76 , 183 
halo nitro compounds, 74 , 182 
imidoyl chlorides to aldehydes, 30, 172, 
200 

keto nitriles, 175 , 200 
ketoximes, 132 , 194 
nitriles, 30, 173, 200 

nitro aldehydes to amino aldehydes, 103, 
190 

nitro compounds to amines, 30, 73, 74, 
182 

to oximes, 69, 70 , 182 
nitro ketones to amino ketones, 124, 192 
nitro nitriles to amino nitriles, 175 , 200 
quinones, 30, 129 , 193 
sulfonamides, 91, 92 , 187 
sulfoxides, 30, 88, 214 
Stephen reduction of nitriles, 173 
Stereochemistry of 
catalytic hydrogenation, 4, 5 
dissolving metal reductions, 23, 24 
electroreduction, 23, 24 
hydrogenation of carbocyclic aromatics, 47, 
48 

reductions with hydrides, 17-20 
Stereoselectivity in 
biochemical reductions, 37 
hydrogenation of alkenes and cycloalkenes, 
40,41 

keto esters, 161 
reduction of 
alkynes, 44, 45 
cyclic ketones, 1 13, 1 1 5-1 18 



Steric approach control, 20, 114 
Steric control of asymmetric induction, 1 12 
Steric effects in 
catal}^ic hydrogenation, 4, 5 
hydrogenation of alkenes, 39-41 
reduction of cyclic ketones, 1 14 
Steroidal ketones, TQducXion, 125, 126 
Steroids 

biochemical reductions, 37, 118 
desulfurization of mercaptoles, 1 3 1 
reduction of esters, 149 
ketones, 115, 117 
with chromous chloride, 214 
reductive deacetylation, 151 
Stibinobenzenes, fromstibonic acids, 176 
Stibino compounds, from stibonic acids, 33 
Stibonic acid, reduction to stibino compounds, 
33, 176 
Stilbene from 
azido iodo bibenzyl, 76 
benzaldehyde by titanium dichloride, 101 
Stirring, in hydrogenation, 12 
Stirring, of hydrides and complex hydrides, 
21 

Stoichiometry of reductions with 
hydrides, 17-19, 79 
iron of nitro compounds, 29 
Styrene 

from methylphenylcarbinol, 79 
phenylacetylene, 50, 779 
reduction to ethylbenzene, 49, 779 
ethylcyclohexane, 49, 779 
Succinic acid, from difluoromaleic acid, 142 
Succinimide, reduction, 169 
Sulfinates, reduction to disulfides, 35 
Sulfenyl chlorides, reduction to disulfides, 89, 
187 

Sulfides 

catalyst inhibitors, 10 
from disulfides, 35, 87 , 187 
monothioketals, 130, 131 , 194 
sulfones, 88, 89 , 187 
sulfoxides, 30, 31, 88 , 187 
thio esters, 163, 164 , 198 
reduction, 35, 86, 87 , 187 
Sulfinic aci^ 
from sulfo esters, 91 , 187 
sulfonamides, 91, 92 , 187 
sulfones, 89 , 187 
sulfonyl chlorides, 33, 90 , 187 
reduction to disulfides, 89 , 187 
Suljinyl chlorides, reduction to disulfides, 89, 
187 

Sulfonamides, reduction, 91, 92, 187 , 212 
Sulfones 

deoxygenation, desulfurization, 88, 89 , 187 
reduction, 88, 89 , 187 
Sulfonic acids, in reductions, 90 
Sulfonyl chlorides 

reduction to sulfinic acids, 33, 90 , 187 
thiols, 32, 90 , 187 

stoichiometry in hydride reductions, 19 
Sulfonyl esters, reduction, 90, 91, 187, 213 
Sulfonyl hydrazides or hydrazones 
See also Arenesulfonyl . . . 

Sulfonyl hydrazides, conversion to aldehydes, 
172,200 
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Sulfonyl hydrazonesy conversion to hydro- 
carbons, 106, 134, 190 

Sulfoxides, deoxygenation to sulfides, 30, 31, 
88, 187, 214 

Sulfoxides, desulfurization to hydrocarbons, 
88, 187 

Sulfur 

catalytic poison, 7, 10, 86 
Sulfur dioxide 
reducing agent, 33 
reduction of quinones, 129, 193 
Sulfur-sulfur bond, reductive cleavage, 143 
Sulfuric acid 
in hydrogenation, 1 1 
solvent for reduction with zinc, 29 
Sugars 

reduction of nitro compounds to azoxy 
compounds, 36, 72, 182 
Superhydri^, 15 
reduction of 
acid anhydrides, 147 
sulfonyl esters, 91 
Syn-additiono^ hydrogen, 13 



T 

Tautomerization, of nitro compounds, 69 
Tellurium, preparation of phosphorotellurate, 
83 

Temperature, effect on hydrogenation, 1 1 
Temperature, in catalytic hydrogenation, 5 
Tertiary amines, by reduction of quaternary 
salts, 93 

Tetrabutylammonium borohydride 
preparation, 14 
reduction of 

acyl chlorides to alcohols, 146, 196 
aldehydes, 98-100, 189 
cinnamaldehyde to cinnamylalcohol, 102 
ketones, 107, 110, 111, 191 
Tetrabutylammonium cyanoborohydride 
preparation, 15 
reduction of 

acetylenic ketones to acetylenic alcohols, 
122, 191 

aldehydes, 96, 97, 100, 189 
enamines, 92, 188 
ketones, 107,108,110, 191 
Tetrachloropentane, reduction, 65 
Tetracosanedione, reduction, 128 
Tetraftuorocyclobutene, from chlorotetra- 
fluoro-, hexafluoro- and pentafluoro- 
cyclobutene, 67 

Tetrahydroacridine, from acridine, 59 
Tetrahydroanisole, from anisole, 82 
Tetrahydroanthracene, from anthracene, 51 
Tetrahydroanthranol, by biochemical reduc- 
tion, 118 

Tetrahydrobenzoic acids, from benzoic acids, 
140 

Tetrahydrobenzo[f]quinoline, reduction, 59 
Tetrahydrocarbazoleis), from carbazoles, 57 
Tetrahydrofuran 
complex with borane, 14 
from furan, 53, 180 
tetrahydrofuranyl r^rt-butyl ether, 104 



Tetrahydrofuran — cont. 
from furan —con/. 

tetrahydrofuranyl hexyl ether, 104 
peroxides, removal, 85 
reductive cleavage, 8 1 
solvents of chromous salts, 30 
2-Tetrahydrofuranyl alkyl ethers, reduction, 
104 

Tetrahydrofuranyl tert-butyl ether, reduction, 
104 

Tetrahydrofuranyl hexyl ether, reduction, 
104 

Tetrahydroindazole(s), from indazole(s), 60 
Tetrahydroisoquinoline, from isoquinoUne, 58, 
180 

Tetrahydronaphthalene, from naphthalene, 26, 
50,51,779 

Tetrahydro-cc-naphthol, by biochemical reduc- 
tion, 1 18 

Tetrahydrophenanthrene, from phenanthrene, 
52, 179 

Tetrahydrophenanthridine, from phenanthri- 
dine, 59 

Tetrahydrophenanthrol, by biochemical reduc- 
tion, 118 

Tetrahydrophenanthroline, from phenanthro- 
line, 62 

Tetrahydropyran from tert-buiy{ tetrahydro- 
pyranyl ether, 104 
hexyl tetrahydropyranyl ether, 104 
stability in reduction, 82 
Tetrahydropyranyl alkyl ethers, reduction, 
104 

Tetrahydropyranyl XerX-butyl ether, reduction, 
104 

Tetrahydropyranyl hexyl ether, reduction, 
104 

Tetrahydropyridines, from pyridine, 36, 55, 
180 

Tetrahydropyrrocoline, from pyrrocoline, 57 
T etrahydropyrrole 
See Pyrrolidine, 

Tetrahydroquinoline 
from quinoline, 58, 180 
hydrogen donor, 1 3 

Tetrahydroquinoxaline, from quinoxaline, 61 
Tetrahydrothiophene 
from dithiacyclohexane, 87 
thiophene, 53, 180 

Tetrahydrothiopyran, from oxotetrahydro- 
thiopyran, 119 

Tetralin, from naphthalene, 26, 50, 5\, 179 
Tetr alone 

from ethoxynaphthalene, 83 
naphthol, 81 

Tetramethylammonium chloride 
electrol^e in electroreduction, 24 
Tetramethylpyrrole, from diethoxycarbonyldi- 
methylpyrrole, 153 

Tetramethylpyrrolidine, from diethoxycar- 
bonyl dimethylpyrrole, 1 53 
Tetraphenylbutadiene, from tetraphenylbuta- 
triene, 49 

Tetraphenylbutane, from tetraphenylbuta- 
triene, 49 

TetraphenyJbutatriene, reduction, 49 
Tetraphenylethylene, from benzophenone, 1 12 
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Tetraphenyl pinacol 
reduction of diketones, 126, 193 
Thiiranes 

reduction to alkenes, 36, 87 
Thioacetals 

See Mercaptals, Mercaptoles 
Thioamides, reduction to 
aldehydes, 171, 200 
amines, 171, 200 
Thiobenzamide, reduction, 1 72 
p-ThiocresoU desulfurization, 87 
p-Thiocresoly from p-toluenesulfonyl chloride, 
90 

Thiocyanates^ reduction, 87 , 187 
Thioethers, from monothioketals, 130, 131, 
194 

Thioethers, tetrahydrofuranyl, reduction, 104 
Thioethers, tetrahydropyranyl^ reduction, 104 
Thioketals 
See Mercaptoles 
Thiolane, from thiophene, 53 
Thiol esters 

reduction to aldehydes, 163, 164, 198 , 205 
Thiols 

desulfurization, 86 , 187 
from sulfonamides, 91, 92 , 187 
sulfonyl chlorides, 90 , 187 
sulfonyl esters, 90 , 187 
Thiophane, from thiophene, 53 , 180 
Thiophene, hydrogenation, 53 , 180 
Thiophenols, 
desulfurization, 86 
from thiocyanates, 87 

Threo-forms, from cis-compounds by electro- 
reduction or reduction with metals, 24 
Tin 

electrochemical potential, 25 
physical constants, 25 
reducing agent, 29, 30 
reduction of 

acyloins to ketones, 30, 125 , 193 
enediones, 30 
hydroxy ketones, 125 , 193 
nitro alcohols, 81 , 184 
nitro and nitroso phenols, 81 
quinones, 30, 129, 193, 214 
Titanium dichloride 
See Titanium, low-valence 
Titanium, low-valence 
desulfurization of sulfides, 86 , 187 
preparation from titanium trichloride by 
lithium, 30, 101, 215 

lithium aluminum hydride, 30, 79, 81, 109 
magnesium, 30, 97, 109, 112 
potassium, 30, 77, 97, 109, 112 
zinc-copper couple, 30, 128 
reduction of 

aldehydes to alkenes, 97 , 189 
aromatic aldehydes, 101 , 189 
ketones, 112 , 191 
benzyl alcohols, 79 , 184 
bromohydrins to alkenes, 81 , 184 
cyclic ketones to alkenes, 118, 119 , 191 
diketones to alkenes, 128 , 193 
diols to alkenes, 77 , 184 
epoxides to alkenes, 83, 84 , 186 
ketones to alkenes, 109, 191 , 215 



Titanium trichloride 

conversion of nitro compounds to aldehydes 
and ketones, 70 
deoxygenation of 

amine oxides, 30, 95 , 188 
reduction of 

sulfoxides, 30, 88 , 187 
azides, 76 , 183 

diketones to hydroxy ketones, 126, 127, 
193 

ketoximes, 133 , 194 

nitro aldehydes to amino aldehydes, 103, 
190 

nitro compounds to amines, 30, 73, 74, 
182, 214 

to oximes, 70 , 182 
nitro ketones, 124 
quinones, 129 , 193 
reduction to titanium dichloride 

See Titanium, low-valence, preparation 
Titanous chloride 
See Titanium trichloride 
Toluene 

from benzaldehyde, 99, 100 
benzyl carbamates and carbonates, 151 
benzyl chloride, 210 
benzyl mercaptan, 87 
di-p-tolyl disulfide, sulfide, sulfone and 
sulfoxide, 87 
p-thiocresol, 87 

reduction to methylcyclohexane, 47 
solvent in reduction with sodium, 26, 152 
p-Toluenesulfenyl chloride, reduction, 89 
p-Toluenesulfinic acid 

from p-toluenesulfonyl chloride, 90 
reduction, 89 
p- Toluenesulfonates 

See Arenesulfonyl esters and Sulfonyl esters 
p-Toluenesulfonyl chloride, reduction, 90 
p-Toluenesulfonyl hydrazi^, decomposition to 
diimide, 34 

p-Toluenesulfonyl hydrazides, 

conversion to aldehydes, 34, 172 , 200 
reduction to hydrocarbons, 172 , 200 
p-Toluenesulfonylhydrazones of aldehydes, 
reduction to hydrocarbons, 101, 103, 106, 
190 

p-Toluenesulfonylhydrazones of ketones, 
reduction to hydrocarbons, 108, 118, 121, 
134 

Torsional strain, in reductions with hydrides, 
20 

Tosyl derivatives 
See p-Toluenesulfonyl derivatives 
Toxicity of hydrides and complex hydrides, 21 
Trans-addition 
in electroreduction, 24 
reduction with metals, 24 
of hydrogen, 4, 1 1, 50 
Trans-alkenes 

by deoxygenation of epoxides, 83 
electroreduction of alkynes, 24 
reduction of alkynes, 24, 43-45, 50 
Transfer of hydrogen 

See Catalytic hydrogen transfer 
Trialkylboranes, reducing agents, 37 
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Trialkylchlorosilanes, conversion to triaikyl si- 
lanes, 15, 16 

Trialkylphosphines^ reduction of hydroperox- 
ides, 85 , 186 
Trialkyl phosphites 
reducing agents, 35 
desulfurization of mercaptans, 217 
reduction of diols to alkenes, 77 , 184 
Trialkylsilanes 

hydrogenolysis of alkanes, 39 , 178 
preparation, 15, 16 
reducing agents, 39 
reduction of alcohols, 77 , 184 
T rialkyls tannanes 

dehalogenation of vicinal dihalides, 65 , 181 
reduction of alkyl halides, 63 , 181 
TriarylphosphineSj reduction of hydroperox- 
ides, 35, 85 , 186 
Triazo esters 
reduction, 160 , 198 
Tributylstannane 
desulfurization of 

mercaptals to hydrocarbons, 104 , 190 
mercaptoles, 131, 794 
preparation, 16 
reduction of 

aldehydes, 97, 99, 100 , 189 
alkyl halides, 63, 64, 210 
geminal dihalides, 64 , 181 
ketones, 107 , 191 
olefinic esters, 157 , 197 
Tributyltin bromide ^ 210 
Tributyltin chloride, reduction to tributyltin 
hydride, 16 
Tributyltin hydride 
See Tributylstannane 
Trichloromethyl ketones, reduction, 1 23 
Trichloropentane, from tetrachloropentane, 65 
Trichlorosilane 
reduction of 

aromatic acids to hydrocarbons, 1 39 , 195 
esters to ethers, 1 50 , 197 
halo acids to halides, 141, 796 
lactones to ethers, 150 , 197 
Triethylalane, triethylaluminum, reducing 
agent, 36 

Triethylammonium formate 
catalytic hydrogen transfer, 13, 36 
Triethylammonium formate, hydrogenation of 
alkynes to alkenes, 44, 45, 7 78 
benzyl halides, 67 , 181 
halo aromatics, 67 , 181 
nitro compounds, 70, 73, 74 , 182 
olefinic aldehydes to saturated aldehydes, 
98 , 189 

nitriles to saturated nitriles, 175, 200 
quinoline side chains, 58 
Triethylchlorosilane, reduction to triethylsi- 
lane, 16 

Triethylphosphine, deoxygenation of per- 
oxides, 85, 186 
Triethyl phosphite 

desulfurization of mercaptans, 86, 187, 217 
sulfides, 86, 87 , 187 
reducing agent, 35 

reduction of acyl chlorides to aldehydes, 
145 , 196 



Triethyl phosphite— cont. 
reduction of cont. 

diketones to hydroxy ketones, 127 , 193 
nitroso compounds to hydroxylamines, 
75 , 183 
Triethylsilane 

from chlorotriethylsilane, 16 
hydrogen donor, 1 3 
reduction of 

acyl chlorides to aldehydes, 144, 145 , 196 
alcohols, 77 , 184 

aldehydes to hydrocarbons, 99-101 , 189 
alkenes, 41, 178, 210 
aryl halides, 68 , 181 
keto acids, 143, 144, 196 
ketones to hydrocarbons, 108, 1 13, 797 
lactones to cyclic ethers, 150, 797 
Triethylsilyl chloride, reduction to triethylsi- 
lane, 16 

Trifluoroacetic acid, in reductions with silanes, 
41,77, 210 
Trigeminal halides 

reduction to geminal halides, 31,32, 64, 65 
Triisopropyl phosphites, preparation of copper 
hydride, 145 

Trimethylamine, complex with borane, 14 
Trimethyl borate, preparation of sodium bo- 
rohydride, 14 

Trimethylcyclohexanol, from trimethylcyclo- 
hexanone, 116 

Trimethylcyclohexanone, reduction, 116 
T rimethylcyclohexenone 
from trimethylcyclohexenone oxide, 126 
reduction, 126 

Trimethylcyclohexenone oxide hydrazone, 
from trimethylcyclohexene oxide, 126 
Trimethyl phosphite, preparation of copper hy- 
dride, 145 

Trimethylpiperideines, from trimethylpyri- 
done, 170 

Trimethylpyridone, reduction, 1 70 
Triphenylchlorostannane, reduction to triphen- 
ylstannane, 16 

Triphenyldiiodophosphorane, reduction of al- 
lylic alcohols, 78 

Triphenylethylene, from phenylsulfonyltrime- 
thylethylene, 89 

Triphenyliodophosphorane, reduction of allylic 
alcohols, 78 

Triphenylmethane, proton donor, in reduc- 
tions with metals, 43 
Triphenylphosphine 
deoxygenation of peroxides, 85 , 186 
desulfurization of sulfides, 87, 187 
preparation of copper hydride, 16, 145 
reducing agent, 35 
reduction of 

acetylenic esters, 159, 797 
nitroso compounds to hydroxylamines, 
75 , 183 

peroxides and hydroperoxides, 85 , 186 
Triphenylphosphine diiodide 
reduction of allylic alcohols, 78 , 184 
Triphenylphosphine iodide 
reduction of allylic alcohols to alkenes, 78, 
184 

Triphenylsilane, reduction of alcohols, 77 
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T riphenylstannane 
preparation, 16 

reduction of alkyl halides, 63, 64, 181 
aryl halides, 68, 181 
olefinic ketones, 120, 191 
Triphenyltin chloride 
^e Chlorotriphenylstannane 
Triphenyltin hydride 
^e Triphenyls tannane 
Triple bond, hydrogenation, reduction 
See Alkynes, Acetylenes, Acetylenic 
Tris{diethylamino)phosphine 
reducing agent, 35 

reduction of disulfides to sulfides, 87, 187 
Tris{dimethylamino)phosphine 
reducing agent, 35 
reduction of dialdehydes, 103 
Tris{triphenylphosphine)rhodium chloride 
hydrogenation catalyst, 5, 9 
hydrogenation of 

cyclic anhydrides to lactones, 146, 196 
nitro compound, 70, 182 
olefinic aldehydes, 206 
aromatic acids, 140, 195 
aromatic aldehydes, 101, 102, 189 
esters, 156, 158, 197 
ketones, 119, 121, 797 
sulfur compounds, 86, 187 
preparation, 206 
Tungsten disulfide 
hydrogenation catalyst, 4 
hydrogenation of alcohols to hydrocarbons, 
77, 184 



U 

Undecane, from undecanone, 108 
Undecanol, from undecanone, 108 
Undecanone, reduction, 108 
Unsaturated . . . 

See Olefinic, Acetylenic 
Urushibara catalysts 
hydrogenation of aromatic esters, 156 
preparation, 9 

Urushibara nickel, hydrogenation of aromatic 
rings, 80 



V 

Vanadium dichloride 
See Vanadous chloride, 31 
Vanadium pentoxide 

hydrogenation of alcohols to hydrocarbons, 
184 

reduction to vanadous chloride, 3 1 , 215 
Vanadous chloride 

deoxygenation of sulfoxides, 31, 88, 187 
preparation, 3 1 , 215 
reduction of azides, 76, 183, 215 
diketones to acy loins, 31, 126, 127, 193 
halo ketones to ketones, 31, 123, 192 
quinones, 129, 193 

Vat dyes, reduction with sodium hydrosulfite 
(dithionite), 33 

Vinylamines, reduction, 92, 188 



Vinyl chlorides, reduction, 66, 67 
Vinylcyclohexane, from vinylcyclohexanol, 78 
Vinylcyclohexanol, reduction, 78 
Vinyl ethers, reduction, 82, 185 
Vinyl halides, reduction, 66, 67, 181 
Vinylic bromine, hydrogenolysis in bromo 
ketones, 123 

Vinylic chlorine, replacement by deuterium, 66 
Vinylic fluorine, hydrogenolysis, 66, 67, 142 
Vinylic halogens, hydrogenolysis, 7, 1 1, 66, 67, 
181 

Vinylic iodine, hydrogenolysis, 66 
Vinylogs of benzylic alcohols, reduction, 80 
Vitride 
handling, 20 
ignition, 20 
preparation, 15 



W 

W1-W8 

Raney nickel catalysts, 8 
Water, solvent in hydrogenation, 1 1 
Woelm, aluminum oxide 
in reductions with alcohols, 217 
Wolfif-Kizhner reduction 
hydrazone intermediates, 106, 134 
mechanism of, 34 
reduction of 
aliphatic aldehydes, 97 
ketones, 108 
aromatic aldehydes, 101 
ketones, 113,216 
cyclic ketones, 1 1 8 
keto acids, 144 
keto esters, 162 

olefinic aromatic aldehydes, 102 
ketones, 121 
Wurtz synthesis, 23 



X 

Xylene, solvent in reductions with sodium, 26, 
152, 211 

o-Xylene- 0 L,tx' -diamine, from phthalazine, 61 



Y 

Yeasts, in biochemical reductions, 37, 198, 218 
Yobyrine, reduction, 62 



Z 

Zinc 

activation, 28 

cathode in electroreduction, 24 
dehalogenation of vicinal dihalides, 65, 181 
deoxygenation of epoxides, 83, 186 
sulfones, 88, 187 
distillation of phenols, 79 
electrochemical potential, 25 
granular, mossy, 28 

physical constants, relative electrode poten- 
tial, 25 
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Zinc~cont. 

reducing agent, 28, 29 
reduction of 

acetylenic alcohols to olefinic alcohols, 
78, 184 

acid anhydrides, 147, 196 
aldehydes to hydrocarbons, 97, 189 
alkyl haUdes, 63, 64, 181 
alkynes, 29, 45, 49, 50, 178, 179 
aromatic ketones. 111, 1 12, 797 
to hydrocarbons, 1 1 3 
topinacols, 112, 797 
aromatics, 29, 54, 180 
aryl halides, 68, 181 

azo compounds to hydrazo compounds, 
95, 188 

benzyl alcohols, 79, 184 
carbonyl to methyl or methylene, 29 
chromic chloride, 214 
chromium-III compounds, 30 
cyclic acid anhydrides to lactones, 147, 
196 

diazonium compounds to hydrazines, 76, 
183 

diketones, 126-128, 193 
disulfides, 143, 187 
disulfidic acids, 143, 196 
epoxides, 83, 186 
epoxy ketones, 126, 193 
esters to acids and hydrocarbons, 1 50, 797 
halides, 29, 65, 66, 181 
halo aldehydes, 103 
halo ketones, 123, 192 
halo nitro compounds to amines, 74, 
182 

hydroperoxides, 84, 186 
hydroxy ketones, 125, 193 
hydroxylamines, 95, 188 
indole, 56, 57, 180 
keto acids, 143, 196 
keto steroids, 118 
Mamick bases, 94 
molybdenyl chloride, 88 
nicotine, 56 
nitro amines, 93 

nitro compounds, 28, 29, 72, 73, 182, 

213 

nitroso amines, 94, 188 
olefinic halo acids, 142, 196 
ketones, 120, 191 
nitriles to nitriles, 175, 200 
sulfones, 88 
1 ,2-oxazines, 95 
oximino esters, 1 63, 198 



Zinc—cont. 

reduction oi—cont. 
ozonides, 86, 186 
peroxides, 84, 186 
phenols to hydrocarbons, 79, 184 
phenylacetylene, 49, 779 
pyridine, 56 
pyrrole, 54, 180 
quinoline side chains, 58 
quinones, 129, 193 
steroidal hydroxy ketones, 125, 126 
sulfonamides, 91, 92, 187 
sulfones, 88, 187 
sulfonyl chlorides, 90, 187 
sulfonyl esters, 91, 757, 213 
trigeminal halides, 65 
vinyl halides, 66, 68, 181 
Zinc acetate, catalyst activator, 10, 98 
Zinc amalgam 
preparation, 28, 213, 215 
reduction of 
acyloins, 125, 193 

aromatic aldehydes to hydrocarbons, 101, 
103, 189 

ketones to hydrocarbons, 1 1 3, 191 
diketones to hydrocarbons, 127, 128, 193 
hydroxy ketones to hydrocarbons, 126, 
193 

hydroxy ketones to ketones, 125, 193 
keto acids, 143, 144, 196 
ketones to alkanes, 108, 191 
olefinic aromatic aldehydes to hydro- 
carbons, 99, 103, 759 
ketones to alkanes, 121, 191 
Zinc chloride, activator of zinc, 28 
Zinc chromite 

hydrogenation catalyst, 9 
hydrogenation of esters to alcohols, 1 53, 797 
olefinic esters to olefinic alcohols, 1 57, 797 
Zinc-copper couple 
deoxygenation of epoxides, 83, 186 
preparation 28 
reduction of 

chromium(III) compounds, 30 
epoxides, 83, 186 

titanium trichloride to dichloride, 30, 109, 
128, 215 

Zinc dust, pyrophoric properties, 29 
Zinc oxide, hydrogenation catalyst, 4, 9 
Zinc oxides, hydrogenation of esters to alco- 
hols, 153, 154 
Zinin reduction, 32 




